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Preface 


This publication was formerly entitled The Deep Space Network Progress Report, 
Although the practice of reporting progress in the development and operations of the 
Deep Space Network continues, the report has been expanded to include developments in 
Earth-based radio technology as applied to other research programs. These programs are: 

(1) Geodynamics: For several years, the laboratory has been developing radio 
interferometry at microwave frequencies for application to geodetic measure- 
ments. This branch of telecommunications technology is now being applied to the 
study of geodynamics, 

(2) Astrophysics: The deep space stations, individually and in pairs as an inter- 
ferometer, have been used by radio astronomers for astrophysics research by 
direct observations of radio sources. 

(3) An activity closely related to radio astronomy’s use of the deep space stations is 
NASA’s continuing program of radio search for extraterrestrial intelligence in the 
microwave region of the electromagnetic spectrum. 

Each succeeding issue of this report will present material in some, but not all, of the 
following categories: 

Radio Astronomy 

Search for Extraterrestrial Intelligence 
Radio Interferometry at Microwave Frequencies 

Geodetic Techniques Development 
Spacecraft Navigation 

Orbiting Very Long Baseline Interferometry 

Deep Space Network 

Description 
Prc/gram Planning 

Planetary and Interplanetary Mission Support 
Advanced Systems 

Network and Facility Engineering and Implementation 
Operations 

Spacecraft Radio Science 
Planetary Radar 
Energy 

In each issue, there will be a report on the current configuration of one of the seven 
DSN systems (Tracking, Telemetry, Command, Monitor and Control, Test Support, 
Radio Science, and Very Li>ng Baseline Interfciometry). 

The work described in thus report series is either performed or managed by the 
Telecommunications and Data Acquisition organization of JPL. 
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Radio Astronomy 

R.D. Shaffer and P. R.Wolken 
Control Center Operations Section 

S. Gulkis 

Planetary Atmospheres Section 


This article reports on the activities of the Deep Space Network in support of Radio 
Astronomy operations dating the first quarter of 198L Preliminary results of the use of a 
lowmoise maser on loan from NR AO are presented, as well as updates in DSN support of 
experiments sanctioned by the Radio Astronomy Experiment Selection Panel. 


I. Introduction 

Deep Space Network (DSN) 26-, 34-, and 64-meter'antcnna 
stations are utilized in support of three categories: NASA 
Office of Space Science (OSS), Radio Astronomy Experiment 
Selection (RAES), and Host Country. 

II. Radio Astronomy Operations 

A. NASA OSS Category 

During this period, support was given for 95 hours of 
station time for Planetary Radio Astronomy (OSS 196-41-73) 
and Interstellar Microwave Spectroscopy (OSS 18841-55- 
12-55) at DSS 43 utilizing the Tidbinbilla Interferometer (OSS 
18841-55-16). This support includes the installation of a 
K-banc! (20-25 GHz) maser on loan from the National Radio 
Astronomy Observatory (NRAO). A particular observational 
objective of this configuration is the search for spectroscopic 
lines of molecules. Of special interest is the search for 
interstellar molecular water at 22.235 GHz. 


Preliminary results of work in progress reveal startling 
technological as well as scientific advances. A reflection-type 
maser is used as the first RF amplifier, providing an instantane- 
ous bandwidth of about 150 MHz. A feature of this system, 
which is unique to low noise systems is the beam switching 
allowed by a cryogenic switch in front of the maser. Two 
avenues of spectral analysis are available: a 256-channel digitftl 
FFT (Fast Fourier Transform) spectrometer (10-MHz banvl* 
width) and a wideband 36-channel filter bank system. To date, 
this configuration has measured a system temperature of about 
65 K at zenith and aperture efficiency of about 20% at 45° 
elevation. Obscrvationally, three new water-line masers, as well 
as six ammonia-line sources, have been detected thus far. 

B. RAESCatagoiy 

1. RA 175 (SS433). During the first quarter of 1981, the 
Goldstone 26-meter station supported VLBI observations of 
the source SS433 (1909 + 04) for a total of 55.5 hours. These 
observations represent continuing efforts in support of the 
experimental objective of resolving this bizarre galactic object 
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to determine its angular radio structure and possibly its origin. 
Preliminary results are reported in TDA Progress Report 
42‘62, January - February 1981 

2. RA 176 (Twin Quasi StclIar Object (QSO) VLBI). 51.5 
hours of 64-mcter antenna time (DSS 14 and DSS 63) was 
devoted to observing two apparent twin OSOs: 0957 ■♦'561 A, 
B and 1038 + ^528 A, B. The first twin is postulated to be a 
single OSO, whose image has been optically split by an 
intervening galaxy, the mass of which is thought to be acting 
as a gravitational lens. This is supported by the identical red 
shifts and other structural similarities between the A and B 
components of 0957 + 561, as well as independent optical 
resolution of the intervening galaxy. 1038 ■♦■ 528 A, B is 
considered to be a coincidental twin or double QSO, analogous 
to optical or apparent binary stars. Of approximately 1500 
known QSOs, these two sources are unique as the only known 
apparent twins. Proof of the gravitational lens effect has 
ramifications in terms of determining mass distribution in the 
cluster of galaxies of which the lens is a member as well as the 
location and distance to the QSO. The double QSO displays 
apparent morphological changes with time, the explanation of 
which could be useful in resolving questions concerning 
structure, origin, and evolution of QSOs in general. 


The DSN’s participation in this experiment was as an 
integral component of a VLB! network encompassing radio 
observatories across the North American and European 
Continents. 


3. RA 177 (MiUiarcsecond VLBI). In the ongoing statistical 
investigation into milliarcsecond quasar and galactic nuclei to 
determine the frequency of their occurrence, the DSN 
supported 34 hours and 50 minutes of observations with 
64-meter antennas (DSS 14 and DSS 63) utilizing VLBI 
techniques. 


C. Host Country 

Pulsar observations conducted for the Commonwealth 
Scientific and Industrial Research Organization (CSIRO) in 
Australia, as described in TDA Progress Report 42-60, 
September-October 1980, arc the only Host Country activities 
to report for this period. This continuing research is supported 
by the 26-meter antenna at Honeysuckle Creek (DSS 44) for 
six hours per week, allocated as »wo distinct periods of three 
hours each. 
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Mark IV-A DSCC Telemetry System Description 

R. Burt 

TOA EngmMnng Office 


This article provides a description of the Deep Space Communications Complex 
(DSCC) portion of the Mark IV A Telemetry System. This system is currently being 
designed as a replacement for the Mark III. The Ground Communications Facility ( GCF) 
and Network Operations Control Center (NOCC) portions of the DSN Telemetry System 
will be changed less extensively. These changes, which are presently not well understood, 
wilt be described in later articles. 


I. introduction 

The present DSN Telemetry System, the Mark III, is de- 
scribed in Ref. 1. The DSN is undertaking a major modi- 
fication of the Mark HI. The modified Network, described 
elsewhere in this volume, will be called the Mark IV-A, and 
will be implemented between 1983 and 1985. The DSCC 
portion of the DSN Telemetry System will be changed in two 
major ways as a result of the Mark IV-A DSN implementation: 

(1) Two 34«meter antennas will be added to each Deep 
Space Communications Complex (DSCC). The array mg 
of those antennas with the existing 64- and 34-mcter 
antennas will provide the equivalent of two separate 
64-meter antennas or two 64-meter antennas arrayed 
together. To accomplish this, the DSCC will be modi- 
fied to provide carrier arraying and baseband com- 
bining of three 34-meter antennas and one 64-metcr 
antenna. 

(2) The Telemetry System will be configured to support 
either two deep space missions and one highly elliptical 
orbiter. or highly elliptical orbiters and one deep 
space mission. Highly elliptical erbite; (HEO) miiaiom 


will have data rates up to 1 .2 Msps modulated directly 
on the carrier. Since the maximum Ground Com- 
munications Facility (GCF) rate will be limited, data 
rates higher than 115 kbps will be recorded at the 
Signal Processing Center (SPC) and played back in 
non-real time. 

Implementation of these changes, when combined with the 
existing capabilities, will prepare the network to support boC 
DSN and HEO missions. 

The DSN missions will be the following: 

Pioneer 6 through 9 

Pioneer 10 and 1 1 

Pioneer Venus 

Viking 

Voyager 

Galileo 

International Solar Polar 
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The Highly Elliptical Orbitcr (HEO) missions will be the 
following: 

ISEF-T (Infernafional Sun E3rth Explorer) 

AMPTE (Active Magnetosphcric Particle Tracer 
Experiment) 

- CCE (Charge Composition Explorer) 

- IRM (Ion Release Module) 

OPEN (Origin of Plasmas in the Earth’s Neighborhood) 

- IPL (Interplanetary Physics Laboratory) 

- GTL (Geomagnetic I aii LcMratory) 

PPL (Polar Plasma laboratory) 

- EML (Equatorial Magnetosphere Laboratory) 

Note that there arc two AMPTE and four OPEN spacecraft. 

il. Key Characteristics 

The key characteristics of the D5CC portion of the Mark 
IV-A Telemetry System are: 

(I) Standard DSN data rate capability: up to 250 kilo- 
symbols per sec (ksps). 

^ ^ ) Highly Elliptical Orhiter Mi s sion data rates up to 1.2 
i negasymbols per sec (Msps) . 

(3) Carrier a rraying and b a seband co mbini ng for up to 6 
antennas . 

(4) ^ItJtuMi of Uiiaiog rec ording . 

(5) Ft HU ct>mplete groups of tel emetry equipment at each 
complex, each with the capacity to support one of the 
above iiiissions. 

(6) De ny adula ti on of M an chester coded (Bi<)-L) or NRZ-L 
data modulated directly on the carrier. 

(7) Maxtnum likelihood decoding of short-constraint- 
lengta ct)nvoluiional codes and sequential decoding of 
long-constraint-Icngth convolutional codes. 

(8) Precise measurement t)f received signal level and sys- 
tem noise temperature. 

Centiali/ed control by (and real-time reporting to) the 
Monitor and Control Subwstem. 

( 10) Production of a digital Telemetry Original Data 
Record (ODR) at each telemetry group with playback 
via liKal manual ctvntrol or in automatic response to 
GCE inputs; reduced playback rates for data rates 
above 1 1 5 kbps. 


The characteristics that reflect new or modified capabilities 
due to Mark JV-A design requirements, arc underlined. The 
handling of increased data rates and demodulation of NKZ or 
bi-phase data modulated directly on carrier directly respond to 
a requirement for telemetry support of Highly Elliptical 
Orbiter (HEO) spacecraft. Baseband combining and carrier 
arraying provides for improved sensitivity to high data rate 
X-bi*nd signals in support of deep space telemetry and is driven 
by the Voyager project requirement for support of 19.2 kbps 
at Uranus encounter. The provision for four groups of telem- 
etry equipment at each SPC responds to the requirement to 
provide telemetry support to three projects concurrently. The 
absence of project requirements for analog recording allows 
that function to be removed. The characteristics which are 
non-underhned exist presently in the Mark HI and are dis- 
eased in Ref. 1 . 


III. HEO Mission Data Rata and Coding 
Requiramonts 

HEO missions arc for the most part compatible with the 
existing DSN caprbilities. This is illustrated in Tabic 1. which 
defines the single link data handli.ig requirements for the HEO 
projects included in the M;»rk IV-A mission .'Ct. A telemetry 
single link can be defined as ail of the functional elements, 
from the antenna(s) through an SPC telemetry group, that 
have been selected for support of a project. The data rate and 
coding requirements not supportable by the existing DSN 
capabilities are: 

( 1 ) Bi^L (Manchester coding) directly on the carrier. 

(2) 600 kbps. 

Tlic combination of Manchester coding and 600 kbps data rate 
produces a symbol rate of 1 .2 Msps. The next section describes 
the way these HEO requirements will be met by the Mark 
IV-A DSN Telemetry System. 


IV. DSCC Conceptual Doscription 

The DSCC block diagram in Fig. I provides a conceptual 
description of vhe portion of the Mark IV-A Telemetry System 
to be located at the DSC'C. At each complex there will be one 
64-mcter antenna, three 34-mctcr antennas, and a 9-meter 
antenna. The t>4-meier a id 34-mcter :,ansmit/ receive anteni *s 
will be able it receive an S-band plus an X-band carrier 
simulian^‘;nid\ while the 34-meter Listen Only antennas will 
receive either one S-band or one X-band carrier, fhe receivers 
recover the baseband signals which are routed to the 
Telemetry Subsystem. 
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The Telemetry Subsystem is arranged to provide four 
telemetry groups. \11 gro^ips will include existing strings 
of equipment (Symbol Synchronizer Assembly, Maximum 
Likelihood Convolutional Decoder and Telemetry Processor 
Assembly, TPA). Groups 3 and 4 will also be equipped with 
the capability needed to support HEO missions. Ti.’S will be 
accomplished by incorporating a Spaceflight Tracking and 
Data Network (STDN) bit synchronizer as well as a newly 
designed coupler for interface with the TPA. The other two 
Telemetry Groups (Groups 1 and 2) will be equipped with a 
new Baseband Assembly (BBA) which will include the func- 
tions of baseband combining, subcarrier demodulation and 
symbol synchronization. The BBA will be designed to accom- 
modate either deep space or highly elliptical orbiters. HEO 
missions will have data rates up to 1 .2 Msps (600 kbps ! 
modulated directly on the carrier. Since the maximum GCF 
rate will be limited, data rates higher than 115 kbps will be 
recorded at the SPC and played back in non-real time. 

The 64- and 34- meter antennas can be arrayed by com- 
bining the carriers within tlie receiver subsystem. Then the 
detected baseband signals are combined in the BBA in either 
Telemetry Group 1 or lelemetry Group 2. The ^.ombined 


signal is then decoded in the Maximun? Likelihood Convolu- 
tional Decoaer and formatted for transmission to JPL in the 
Telemetry Processor Assembly. When combining is not re- 
quired, outputs from any antenna may also be routed by any 
Subcarrier Demodulator Assembly, or directly to the GSTDN 
symbol synchronizer. 

Any of the telemetry equipment groups can accept two 
data streams. In Groups 1 and 2, one data stream is processed 
by Channel A and one by Channel C. Similarly, in Groups 3 
and 4, one data stream is also processed by Channel A while 
the other is processed by Channel B. The performance param- 
eters for Channels A, B and C are listed in Table 2. Comparing 
Table 1 with Table 2, it may be noted that Data Stream 1 in 
Table 1 is processed by Channel A, while Data Stream 2 is 
processed in Channel B or C. Similarly, deep space missions 
require dual data stream support, which is provided by 
Channels A and B or C. Channel B is used to support higher 
rates for deep space missions unless combining is required and 
then Channel C is used. Channel B or C may be used to 
support HEO missions except for the data rates above 250 
ksps, which can be supported by Channel C only. 


Reference 

1 . Gatz, E. C., '*DSN Telemetry System Mark III-77,'’ in DSN Progress Report 42-49, Jet 
Propulsion Laboratory, Pasadena, Calif., Feb. 15, 1979. 
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T«bi«2. T ttomt f y Suii^rfyt^ms 1 and 2, pwfofmnc# prwwttf 


Channel A 


Tahiti. Singla Hnli raqu ii amafitt for Earth OftoWar HHaatooa 


Mission 

Data stream 1 

Data stream 2 

OPEN PPL 

Uni..Hed, NRZ-L; 
25 kbps 

Uncoded; Bi0-L; 
600 kbps 

OPEN-EML 

Uncoded; 6 kbps 
NRZ-L; or 14 kbps 

Uncoded Bi^L; 

600 kbps early in 
mission, then 94 kbps 

OPEN-IPL 

Uncoded; NRZ-L; 
2 kbps 

Uncoded; Ei<fr-L; 
94 kbps 

open-(;tl 

Uiuoded;NRZ-L; 
6 kbps 

Uncoded Bi«>-L; 94 kbps 

ISEE-C' 

Convolutionally coded. 
K- 24, R= 1/2, 
NRZ-L; 64 bps 

Uncoded; Bi0-L, 

256 bps. 

or 

Convolutionally coded; 
K = 24, R= 1/2;512- 
2048 bps;Bi0-L 

AMPTF-C'CE 

Uncoded; NRZ-L; 
1500 bps 

Bi^L; conv olutionaliy 
coded; K = 7, R - 1/2; 
60,000 bps 

AMPTE-IRM 

Uncoded: NRZ-L; 
1000 bps 



Process one NRZ-L coded or uncoded data stream needing 
Subrarricr demodulation 512 Hz to 1 MHz 
Symbol synchronizing 6 to 25 ksps 

Sequential decoding 6 to 10 kbps ~ K = 24, 32; R = 1/2, 
frame length variable 

Block decoding; Reed Muller 32/6; up to 2 kbps 
Channel B 

Process -.e NRZ-L biphase data stream needing 

Subcarrier demodulation; 512 Hz to 1 MHz or Manchester 
decoding. 10 sps to 1.2 Msps 

Symbol synchronizing; 6 sps to 1.2 Msps 

Sequential decoding 6 to 10 kbps; K = 32;R = 1/2, frame 
length variable 

Maximum likeUhood Viterbi decoding - 10 bps to 125 kbps 
;K = 7, R = 1/2 or 1/3) 

Reahtime data rates up to 1 15 kbps 

On site recording and non-real-time playback for data rates 
above 1 15 kbps 

Channel C 

Process one NRZ-L or biphase data stream needing 

Baseband combining of up to 6 antenna receiver signals 
Subcarrier demodulation: 10 kHz to 2 MHz 

Symbol synchronizing and Manchester decoding: 4 sps to 
K2 Msps 

Sequential decoding 6 to 10 kbp>;K = 32, 24; R - 1/2, frame 
length variable 

Maximum likelihood Viterbi decoding 10 bps to 125 kbps 
(K 7. R= 1/2 or 1/3) 

Real-time data rates up to 115 kbps 

On-site recording and non-real-time playback for data rates 
above 1 1 5 kbps 
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The DSN Tracking System 

J. A. Wackley 
TDA Engineering Office 


The DSN Tracking System, one of the eight generic systems of the DSN, has recently 
undergone a period of extensive software and hardware changes. This article presents a 
description of the functions of the Tracking System and details the recent changes. 


I. Introduction 

The Deep Space Network (DSN) Tracking System consists 
of the hardware, software, personnel and proceduies required 
to perform four primary functions: 

( 1 ) Acquire and maintain a communication link (uplink 
and/or downlink) with a spacecraft 

(2) Generate radio metric data 

(3) Transmit radio metric data to the data users 

(4) Perform radio metric data validation iv assure that 
performance requirements are satisfied 

The radio metric data are defined as range, range rate and 
angle data. These data are used by flight project navigation 
teams for spacecraft orbit determination, platform parameter 
determination and ephemeris development. Additionally, as 
described in Ref. 1, the data have numerous radio science 
applications for celestial mechanics experiments, planetary 
atmosphere studies, interplanetary media studies and relativity 
experiments. Within the DSN, the data arc used to monitor the 
operation of liie Tracking System and to validate its 
perforn.ancc. 


fhe following sections of this article will present a 
functional description of the DSN Tracking System and 
explanations of the many modifications to the system that 
have been made since the last report (Ref. 2). 

II. Functional Description 

Figure 1 illustrates the various subsystems and intersub- 
system data flow of the Tracking System. The Receiver- 
Exciter subsystem provides a range modulated uplink carrier 
to the Antenna Microwave Subsystem where it is amplified 
and channeled to the antenna. The antenna is precisely 
pointed by the instructions given to the Antenna Mechanical 
Subsystem by the Antenna Pointing Subsystem. This allows 
the uplink carrier to be radiated toward and eventually 
received by the spacecraft. 

At the spacecraft, the carrier is coherently multiplied to 
provide a downlink carrier, modulated with range data and 
retransmitted to earth. 

The downlink carrier is received and focussed by the 
antenna and provided to the Antenna Microwave Subsystem. 


a 



Here it is amplified and channeled to the Receiver Assembly of 
the Receivef’Exciter Subsystem. The receiver phase tracks the 
received signal via a phase -locked loop. The output of the 
phase-locked loop is provided to the Doppler Extractor 
Assembly wheie it is compared to the transmitted frequency. 
The frequency difference (doppler) is counted by the Metric 
Data Assembly of the DSS Tracking Subsystem (DTK). 

Simultaneously, the receiver piovides a range modulated 
intermediate frequency to the Range Demodulator Assembly 
of the DTK. Here the ranging signal is demodulated and cross 
correlated with a model of the transmitted range code The 
Planetary Ranging Assembly of the DTK uses the correlation 
measurement to make a precise determination of the range to 
the spacecraft 

■ The range measurement is provided to the MDA where it. as 
well as the counted doppler and various status and configura- 
tion indicators, is formatted for trarsmission. The MDA 
provides the formatted data to the Comiminicalions Monitor 
and Formatter Assembly of the Ground Communications 
Facility (GCF). 

The GCF transmits the data to the Network Operations 
Control Center. The GCF additionally provides an Intermedi- 
ate Data Record of all data to the end user of the data, 
typically a project navigation team. 

At the NOCC. the radio metric data are received by the 
NOCC Tracking Subsystem, which generates data displays and 
alarms used for real-time validation of the data. 

The data received by the navigation team are eventually 
returned to the DSN in the form of ephemeris data for use in 
generating tracking predictions. These predictions are used for 
acquisition of the downlink and uplink of the spacecraft as 
well as radio metric data validation. 

Details of tlie required performance parameters of the 
elements of the system may be found m Ref. 2. 


III. System Modifications 

Since the last report concerning the Tracking System, 
modifications liavc been made to the software and hardware in 
the Receiver-Fxclter Subsystem, the DSS Tracking Subsystem 
and the NOCC Tracking subsystem. 

A. Receiver-Exciter Subsystem 

In July, 1980. implementation of the new microprocessor 
based exciter frequency controller was begun. The controller. 


or DCO (digitally controlled oscillator) as it has been dubbed, 
has the following characteristics: 

(1) Control via the Metric Data Assembly or a computer 
terminal 

(2) Capability of storing up to 100 ramps 

(3) Minimum ramp duration of 0.1 second 

(4) Maximum ramp rate of 100 kHz/ second 

(5) Maximum phase error (over 8 hours) of 0.(X)01 cycle 

The initial installation of the DCO was hampered by 
hardware, software and operational problems. The DCO 
hardware was modified in early 1981 to resolve a problem of 
sudden ge exciter frequency changes. The MDA control 
interface originally was not compatible for frequency rate 
reporting and required modification. The operational proce- 
dures were, at first, incomplete and resulted in a significant 
number of errors. 

At the completion of implementation in February 1981, 
the DCO's were installed in the M meter and 34 meter 
subnets. The POCA's remained in the 2h meter subnets. 

B. DSS Tracking Subsystem 

The Metric Data Assembly (MDA) and the Planetary 
Ranging Assembly (PRA) of the DSS Tracking Subsystem h.’.ve 
had extensive hardware and software modifications during the 
year. 

I. Metric Data Assembly. The MDA software lias been 
modified to provide, among other items; 

(1) A real-time interface with the Meteorological Monitor 
Assembly. This interface allows the real-time validation 
of data by NOCC and transk fence of data to the 
Occultation Data Assembly (ODA) during VLBI obser- 
vation sessions. 

(2) An interface with the ODA for support of VLBI 
observation sessions. Besides the previously mentioned 
MMA data, this interface allows for the transferent'e of 
the source schedule which is used for data recorder 
control, source identification, and angle residual 
calculation. 

(3) Automatic control of the DCO and POCA and manual 
control of the DCO 

In the automatic mode of operation, th^* MDA supplies the 
control parameters necessary to accomplish the s|>ecial uplink 
tuning required to support the Voyager 2 spacecraft and 
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standard uplink tuning required to support the other space- 
craft. A complete description of this capjbility may be found 
in Ref. 3. 

Upon receipt of uplink control predictions (consisting of 
frequency and time pairs), the MDA computes the parameters 
(such as rate and time) necessary to tune the uplink to 
compensate for doppler and allow coherent tracking of the 
Voyager 2 spacecraft. 

Additionally, the MDA can generate the control statements 
to allow the performance of the “seven point best lock 
frequency check.'’ This special procedure is performed during 
Voyager 2 tracks to determine an estimate of the spacecraft’s 
receiver frequency. In order to perform the “seven point best 
lock frequency check,’’ the MDA constructs a special set of 
uplink control predicts. These predicts cause the DCO (or 
POCA) to tune through a series of predetermined changes in 
frequency as shown in Fig. 2. 

Turing starts at the estimate of the spacecraft receiver best 
lock irequency. Five minutes prior to the transmitter being 
turned on, the MDA generated predicts cause li>e DCO (or 
POCA) to snap +1.5 Hz and then continue the tuning 
necessary to compensate for doppler. Five minutes after the 
transmitter is turned on, and every five minutes thereafter, the 
frequency is snapped -0.5 Hz until the lower limit of 1.5 Hz 
below the estimated best lock frequency is reached. Between 
snaps the uplink frequency is tuned to compensate for 
doppler. 

Five minutes after reaching the lower limit, the predicts 
cause the DCO (or POCA) to return to the original estimate of 
the best lock frequency and to continue tuning through the 
remainder of the pass. One round trip light time after 
performing this procedure, the spacecraft signal levels are 
analyzed to determine the actual best lock frequency. Pre- 
viously, this procedure required constant operator intervention 
in order to be accomplished. 

For oihei spacecraft, the MDA computes the control 
statements for a wide spectrum of sweeps. The type of sweep 
performed is dependent on both the activity and the relation- 
ship between appropriate frequencies. If an uplink acquisition 
sweep is desired in order to achieve a two-way link with the 
spacecraft, the operator enters the expected Tracking Synthe- 
sizer Frequency (TSF), spacecraft best lock frequency (XA), 
sweep range and tuning rate. The MDA determines the 
appropriate direction to tune (by differencing TSF with XA) 
and the frequencies which encompass the desired sweep range. 
Possible sweep profiles as determined by the MDA are 
illustrated in Figs. 3(al through 3(d). To accomplish these 


sweeps the MDA generates special uplink control predicts and 
loads them into the DCO (or POCA). 

If an uplink transfer is desired, the operator enters the same 
infoimatioki as previously described. In this case, however, the 
sweep range must be equal to zero hertz. The MDA will 
generate a predicts set that causes the DCO (orPCX^A) to tune 
to the XA and, after the specified time interval, return to the 
TSF, This type of sweep is illustrated in Figs. 3(e) and 3(f). 

Prior to the addition of this capability, a Hewlett-Packard 
calculator was used to determine the sweep parameters. The 
parameters were then manually entered into the DCO. 

The MDA also provides the control point for manual 
operation of the DCO. In this mode, DCO control statements 
are transferred to the DCO. The MDA also provides a display 
of DCO status. 

In order to provide a precise report of tuning activities at 
the DSS, a new data type. Programmed Frequency data, was 
developed for inclusion in the radio metric data stream. These 
data, consisting of precise frequency and frequency rate 
information, are required to allow for correct processing of the 
radio metric data by the project navigation teams and to allow 
remote monitoring of the tuning activities. 

Because of the addition of these capabilities the MDA 
became seriously overloaded causing numerous processing 
errors. In an attempt to alleviate this problem, floating point 
hardware was retrofit to the MDA. As of this writing, it had 
not been determined if this change was completely successful. 

2. Planetary Ranging Assembly. The quality of ranging 
data generated by the DSN has been improved by several 
major modifications to the Planetary Ranging Assembly 
(PRA). These modification include: 

(1) Doubling of the highest frequency component to the 
1 MHz 

(2) Addition of selectable high frequency components 

(3) A new harmonic filter to decrease wave form distortion 

All of these changes combine to decrease noise levels on 
ranging data and to improve ranging capabilities under 
conditions encountered as the angular separation between the 
spacecraft and the sun decreases. Figure 4 illustrates the 
improvement obtained using the new PRA hardware and 
software. Ranging data acquired by DSS 12 when in its 
original hardware and software configuration arc given in Fig. 
4(a). As can be seen, the noise level for these two passes is 
quite high; more than eight meters during each pass. Figure 
4(b) presents data taken after the configuration was modified. 
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In both of these passes data noise is well less than four meters, 
an improvement of at least 100 percent. (The absolute 
differences between the passes are due to orbit and other 
errors independent of PRA performance.) 

C. NOCC Tracking Subsystem 

The Prediction Assembly software of the NOCC Tracking 
Subsystem was replaced by new software. The original 
software was developed in the mid-1970’s to meet existing 
Tracking System requirements and to provide the NOCC with 
a replacement for capabilities then residing in the Mission 
Control and Computing Center (MCCC) 360/75 computer. 
Because of recent requirements to generate Radio Science 
predictions and uplink frequency control predictions, the 
software had been extensively modified to the point where it 
was difficult to operate and contained many anomalies. 

The redevelopment of the software consisted of: making 
ample use of Network Support Controller (NSC) operating 


system functions not available when the original software was 
developed; revising data generation algorithms; updating out- 
put formats to correspond to current desires and print 
capabilities; and most importantly, integrating the functions in 
a coherent manner. 

The result was an improved software package with more 
easily understood input, and improved running characteristics 
(run time was decreased well over 50 percent). 

IV. Conclusion 

Over the past year, various elements of the Tracking System 
have undergone extensive modifications to both hardware and 
software. These modifications have, in general, resulted in 
improved data and increased operational support capabilities. 
Because of the upcoming Mark IV-A implementations, the 
Tracking System should remain unchanged over the next few 
years. 
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Pioneers 6 Through 12 Mission Support 

R. Nevarez 

Control Center Operations Section 


This urttclv dtu tdsses the aciivttus of DS\ Operations in support of the Pioneers f) 
through V, Pioneer lO, Pioneer 1 1, and Pioneer Verms ( Whiter (Pioneer 12) \fissions from 
June J9SiJ through March I9^i. 


I. Introduction 

The information contained in tfiis .epori covers the con- 
tinuing efforts of the Deep Space Netwtirk m support of 
Pioneer Mission Operations during tlie cruise phases of Pio- 
neers 6 through Pioneer 10, Pioneer II, and the orbital 
operations of Pioneer 1 2 spacecrafts. 

II. Mission Operations and Status 

A. PlonMre 

In June of lOKO, Pioneer 6 went through superior conjunc- 
tion. The first track after superun innjunction found the 
spacecraft on-board systems in giH>d health and functioning 
nominally. In December of l^lHO, Pioneer 6 celebrated its 
fifteenth year in operation with signs of continuing for 
another fifteen years. 

B. PtofiMr? 

During this reporting period, tracking support increased due 
to Hacking availability of the Network. The sp^ecraft has 
been and is left in the enpneering format to provide an early 
means of cstablisliing the spacecraft’s health in the event of a 
probl.en, Tht on-board science experiments, which continue 
to function nominally, are turned on only when the soaceciaft 
is tracked. 


C. Pioneers 

In August of l^lSO as the spacecraft approached perihelion, 
the Sun sensor and plasma analy/cr on hoard tlie spacecraft 
functioned for the first time in several years and produced 
vahd data. During perihelion, tracking support was limited. 
Additional tracking support is sclieduled for the ne.u penlie- 
hon. 


D. Pioneer 9 

The spacecraft continues to function nominally An anal>- 
sis indicates that the spaced aft on-btiard systems co!i»irtie m 
good health 


E. Pioneer 10 

A special proccuurc using the imaging photopolarimeter 
UPP) instrument to determine the roll pulse was developed. 
When the spacecraft loses its Sun pulse, which is estimated to 
reach threshold in approximately two years, die re will be a 
means of deienmmng the spacecraft roll reference for experi 
menter use plus the capability of dctermmuig precession ma- 
neuvers u*d conscans will be maiitained A signal strength test 
was jicrformcd to deternune the spacecralt receiver thrcsludd 
at low to higli transmitter |H>wers. The results arc not known 
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at this reporting period, however; further "esting will be per- 
formed in the future, The spacecraft continues to perform 
nomin;iUy and ail on-board systems are healthy. 

F. Pioneer 11 

The spacecraft went througli superior conjunction in Octo- 
ber 19K0 successfully. The spacecraft continues performing 
nominally and based on data analysis all systems on board the 
spacecraft are in good health. 

G. Pioneer 12 

The spacecraft we*.! through a long eclipse season in August 
1980 with no problems experienced. The decision to cease 
controlling periapsis altitude was made; th the spacecraft 
will continue to rise until 1986. As a result of this decision, 
requirements for the radar altimeter (ORAD) instrument were 
completed, thus eliminating the need of daily ORAD instru- 
ment command loads. Occasional ORAD calibrations and 
various other proceduies are still planned, imaging will 


continue for some time, witli radio science experiments to be 
..^^rformed upon request. The spacecraft started a superior 
conjunction phase in mid-March 1981 and will continue 
through April 1981. The spacecraft continues performing 
nominally with all on-board systems in good health. 

III. Special Activities 

Pioneer Project continues to utilize tlie Deep Space Net- 
work Compatibility Test Area (CTA-21) in concurrence with 
the Project's command software development and operations 
training. 

IV. Summary 

As of this reporting period, all Pioneer spacecraft appear in 
good health and are operating nominally. Pioneers 6, 7, 8, 9, 
10, and 11 are in the cruise mode. Pioneer 12 operations 
continue in orbit about Venus, Tracking coverage from June 
1980 through March 1981 is shown in Table 1. 
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Tabtol. Traekin9oov*rag«,Jufi«19e0through March 1961 


Month, 

year 

Pioneer 

spacecraft 

Station 

type 

Number 
of tracks 

Tracking 

time, 

hmin 

June 1980 

6 

64-m 

10 

51:15 


7 

64 -m 

3 

19 20 


9 

64-m 

7 

49:00 


10 

64 -m 

58 

466 10 


11 

26-m 

47 

356:35 



64-m 

22 

180:15 


12 

26-m 

100 

918.30 



34-m 

5 

44:39 



64-rp 

1 

10:30 

July 1980 

6 

64-m 

5 

19:50 


7 

64-m 

1 

10:45 


9 

64-m 

6 

44:45 


lO 

64-m 

47 

379:20 


11 

26-m 

46 

386.45 



34-m 

3 

25-35 



64-m 

14 

110.30 


12 

26-m 

82 

754-50 



34-m 

2 

17:05 



64-ni 

2 

10 55 

Aug 1980 

6 

64 -111 

6 

24:10 


7 

64-m 

1 

5:05 


8 

64-m 

1 

8:10 


9 

64-m 

3 

i6.20 


U) 

64-m 

44 

382 15 


11 

26-m 

30 

2il 20 



34-m 

8 

50.30 



64-m 

30 

227.00 


12 

26-m 


703 30 



34-m 

6 

26 50 



64-m 

8 

56 15 

Sep; 1980 

6 

64 -ni 

3 

12 55 


8 

64-m 

5 

20.40 


9 

64 -ni 

5 

28 30 


10 

64-m 

62 

476 20 


11 

26-m 

46 

314.10 



34-m 

16 

79.35 



64-m 

15 

1 16.00 


12 

26-m 

80 

763.55 



34-m 

15 

139 20 



64 -ni 

14 

117.25 

Oct 1980 

6 

64-m 

1 

3 50 


7 

64-m 

1 

4:55 


9 

64-ni 

4 

15.35 


10 

34-m 

6 

28.55 



64-m 

53 

353 20 


11 

26-ni 

23 

162.55 



34-m 

n 

56 40 



64-ni 

6 

52 05 


12 

26-m 

S6 

508:20 



34 m 

8 

83.45 



64-m 

11 

118 20 


Month, 

Pioneer 

Station 

Number 

Tracking 

year 

spacecraft 

type 

of tracks 

lime. 

h:min 

Nov 1980 

6 

64-m 

4 

19.30 


9 

64-m 

4 

20:30 


10 

34-m 

10 

57:35 



o4-m 

-* o 

743:00 


n 

26'm 

24 

219.55 



64-m 

7 

79:15 


J 2 

26-m 

35 

352:40 



34-m 

2 

16:00 

Dec 1980 

^ 6 

64-m 

7 

13:00 


8 

64-m 

2 

13:30 


9 

64-m 

] 

4:50 


10 

34-m 

5 

29.25 



54-m 

45 

353:45 


11 

26-m 

24 

222-30 



34-m 

3 

33-25 



64-m 

IK 

170:20 


12 

26'm 

40 

394:05 



34-m 

3 

27:45 



64-m 

23 

220 40 

Jan 1981 

6 

64-m 

2 

15 00 


7 

64-m 

3 

14:50 


8 

6^-m 

2 

15.25 


9 

64-m 

3 

14:20 


10 

26-rr, 

8 

28-45 



64-m 

S2 

>^6 35 


11 

26-m 

41 

280.20 



34-m 

2 

19 00 


12 

64-m 

30 

235.35 



26-m 

78 

646 50 



34-m 

3 

27 35 



64-m 

28 

335.30 

rcb 1981 

6 

64-m 

3 

18.00 


8 

64-m 

2 

12 10 


9 

64-m 

3 

20 15 


10 

26-m 

6 

20.35 



34-m 

4 

16 15 



64-m 

39 

327 10 


11 

26-m 

32 

286 05 



34-m 

23 

198 05 



64-ni 

17 

146-05 


12 

26-m 

26 

173:20 



34-m 

37 

302 20 



64-m 

49 

372 50 

March 1981 

6 

64-m 

2 

1 1 .50 


9 

64 m 

3 

20-20 


10 

26-ni 

3 

9:00 



34-m 

4 

12 45 



64-ni 

50 

378.30 


II 

26-m 

33 

333 30 



34-m 

17 

186-35 



64-m 

16 

129 30 


12 

26-m 

21 

134 15 



34-m 

16 

262.10 



64-rn 

82 

576 00 


18 



' S81-27128 


TDA Progress Report 42-63 


March and Apnt idSI 


Voyager Mission Support 

N. Fanelti and H. Nance 
Control Centt-i Operations 


This is a continuation of the Deep Space Network Report on Tracking and Data 
Acquisition for Project Voyager, This article covers the period of December 1980 through 
March 1981, 


I. Introduction 

Voyager 1 completed the Saturn Post Encounter Phase of 
its prime mission operation and started the extended mission 
phase of operations. 

Voyager 2 continued in the Jupiter- Saturn Cruise Phase 
with increased tracking in anticipation of the Saturn 
Encounter. 

II. DSN Support 

A. Voyager 1 

The Post Encounter period was scheduled to end on 15 
December 198U, but due to the unusual observations of the 
rings during the near encounter, the post encounter period was 
extended to 19 December 1980 so that another movie could 
be made. 

1 . Long time- base observation and system scans. The post 
encounter support consisted primarily of the observations of 
Saturn's atmosphere at higli phase angles over a long-time base 
and periodic imaging of Saturn and system scans at phase 
angles and at latitudes different from those in the pre- 
encounter phases. Imaging data was returned at the higher data 
rates (29.8 and 44.8 kpbs) in the imaging formats. The system 


scan data was returned at the lower data rate (7.2 kpbs) in the 
general science format. Deep Space Stations (DSS) 14/12 and 
DSS 43/42 in the arrayed configuration were scheduled to 
receive the imaging data, with DSS 61 or 63 scheduled to 
receive the general science data consistent with station view 
period. 

2. Saturn ring movie. Tne Saturn Rings movie activity was 
conducted on 18 December between Day of Year (DOY) .353 
I012Z and DOY 354 0523Z. DSS 14/42/43/61/63 supported 
the activity with the DSS 61/63 and the DSS 42/43 complexes 
being in the array configuration to enhance the image data 
reception. This activity completed the Voyager 1 Saturn 
Encounter phase and the spacecraft entered the extended 
mission phase of activity. 

B. Voyager 2 

During the Post Encounter phase of the Voyager I mission 
operation, the activity of Voyager 2 was relatively quiet, with 
the majority oi the tracking support being provided by the 
26-meter network (DSS/1 1/44/62). 

1. Navigation cycle. On 3-4 December 1980 a navigation 
cycle was conducted with Voyager 2. The Navigation cycle 
was supported by DSS 42/63/12. Software problems with the 
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Metric Data Assembly-Digi tally Controlled Oscillator (MDA- 
DCO) interface required that the VCR 2 Navigation cycle 
support be conducted with a Programmed Oscillator Control 
Assembly (POCA) cunnguialion. DSS 42 and 12 weie, ilieie- 
fore, required to reconfigure with the POCA, vice the DCO, 
before their supporting passes. DSS 63 was configured with 
the POCA, so was not required to reconfigure for support. 
Near simultaneous ranging was conducted during the DSS 
63/12 and DSS 12/42 overlap periods in addition to normal 
ranging. The Navigation cycle was completed successfully, 
with required data being delivered to the Project. 

2. Mini cruise science maneuver. On 16 December (DOY 
3.^1 2213Z to DOY 3.S2 032 IZ) a mini cruise science maneu- 
ver was completed. The maneuvei consisted of four yaw turns 
and four roll turns being accomplished, during wlrich the 
spacecraft antenna w'as off eartli point, therefore, no data were 
received. DSS 42 supported the activity tliat immediately pre- 
ceded the maneuver with DSS 63 supporting the reacquisition 
activity. Playback reception of the data recorded by the space- 
craft during tiic maneuver was supported by DSS 43 on 
1 7 December (DOY .^5 2). 

3. Trajectory correction maneuver. On 26 February 1081 
(DOY 057 205O-2246Z) a Trajectory Correction Maneuver 
(TCM-B7) was completed successfully, Tlu objective of the 
maneuver was to place Voyager 2 cm a more accurate uajec- 
tory to rendezvous with Saturn. The spacecraft was pro- 
grammed to execute a negative roll turn followed by a negative 
yaw turn to align itself on a required burn vector. The TCM 
thrusters imparted a 0.574 meter^sec delta velocity after a 
burn duration of 215 seconds. Tlie spacecraft returned to 
earth point by accomplishing complcmentarv' yaw and roll 
turns. The activity was supported by DSS 43 during tlie pre- 
paration phase and by DSS 63 during the actual maneuver. 
During the burn, the spacecraft was off earth point, no telem- 
etry data were being received in real-time, but were being 
recorded aboard the spacecraft. The playback of tlie recorded 
data was accomplished during DSS 43\s viewporiod the next 
day. 

C. General 

I. Doubly differenced range. In continuing effort to fur- 
ther refine tracking techniques u provide more precise space- 
craft position information, the DSN is supporting doubly 
differenced range activity. The first activity supported 
occurred on IX)Y 355. Tliis technique required that both 
DSSbl and 12 track and range on Voyager 2, then, after a 
quick turn-around, track and range on Voyager 1. The turn- 
around fiom Voyager 2 to Voyager I was accomplislied in 20 
minutes. The stations were required to oerform pre- and post- 
track calibrations on the ranging equipment for botli space- 
craft (S/C). This wrs a new requirement, as a station normally 


tracks only one S/C and performs the necessary pre- and 
post-track calibrations to support that one S/C. Although 
there were some problems in preparing for and executing the 
activity events, the results look promising. Another test was 
supported on DOY 031 (1981) by DSS 61 and 12. Fewer 
problems were experienced during this test and the results are 
being evaluated. 

2. Metric data assembly software. Metric Data Assembly 
Software, DMK-5106-OP-F, which provides the capability to 
automatically control the Digitally Controlled Oscillator 
(DCO) and the uplink frequency required for tracking Voy- 
ager 2 started engineering testing at Goldstone on 6 January 
1981. DCO implementation at the 34/64 meter stations was 
completed on 26 February 1981. After a series of Voyager 
demonstration tracks, during which problems were identified 
and corrected, a preliminary operational disk was provided. 
The Goldstone stations began Probationary Testing on 5 Feb- 
ruary 1981 with tins disk supporting all projects. The software 
was also sent to the overseas stations where they began Proba- 
tionaiy Testing on 10 February 1981. The software was trans- 
ferred to operations on 2 March 1981 fur an Operational 
Certification period by the stations prior to the official 
replacement of the previous opeiational support software. Tiie 
software became the prime support software on 28 March 
1981. 


III. DSN Capabilities 

A. Radio Science 

The Saturn Near Fncounter Radio Science activities for 
Voyager 2 will occur during the viewperiod of DSS 43. Since 
DSS 63 was the prime supporting station for the Voyager 1 
Saturn Fncounter Occultation Experiment, it was necessary to 
relocate the DSS 63 Radio Science equipment from DSS 63 to 
DSS 43. Tliis equipment included the four channel narrow/ 
medium band multi-mission receiver plus the backup wideband 
four cliannel multi -mission receiver and its associated digital 
recording assemblies. DSS 43 sent its two channel open loop 
receiver to DSS 63. This equipment relocation was accom- 
plished during the month of January 1981. DSS 14 has tlie 
narrow/medium equipment comparable to DSS 43. Following 
successful installation of the equipment and subsequent sys- 
tem performance tests, a scries of operational verification tests 
were conducted with tl\e new equipment and an updated 
v'ersion of the Occultation Data Assembly (ODA) software. 
The checkout the new software (DMO-5l23-OP-(^) wns 
started over DS,^ i4 on 4 February, since their equipment was 
installed and operational at the time. Pioneer and Voyager 
X-band signals were used during this testing. The ODA OP-C 
testing started at DSS 43 on 19 February and at DSS 63 on 
27 February. Only minor problems have been encountered; 
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the operational procedures are being refined and crew training 
accomplished during the testing, The software was transferred 
to operations on 16 March and tests will continue through 
August 1981 to ensure and maintain facility readiness. These 
tests will continue to use live spacecraft data and accomplish 
the functions of recording open loop data, playback of 
recorded data and on-site validation of recording quality, as 
will be required during the encounter. 

B. Adaptive Tracking 

The problems caused by the failure of the receivers on 
Voyager 2 (DSN Progre ,s Repoii 4249, Nov-Dec 1978) with 
the resultant 200 Hz bandpass in the operating receiver aie 
complicated by space-'raft internal temperature changes. It has 
been determined that after various spacecraft activities, com- 
partment temperatures rise and change the center frequency of 
the receiver bandpass and the rate of drift as the temperatures 
return to normal. Therefore, after these spacecraft activities, 
the Best IakI-' F'requency (BLF) is unknown and ..ormally a 
command ..loratorium is declared, due to the uncertainty o\ 
stablishin^ a proper uplink. During the Saturn No 
Fneounter, after the spacecraft conies out of<'ccultatioM, tins 
condition will exist, but it will be necessary to command the 
spacecraft sooner than a moratorium would allow. To provide 
background data on the frequency offset and to allow better 
estimates of the BLF after these activities, the PSN has been 
supporting, j vviJi tracking procedures called “adaptive track- 
ing and BLF determination". Hsscntiaily, after a spacecraft 
temperature change, the 34/64 meter station will accomplish 
the BLF determination sequence. This is a sequence of five 
predetermined ramps by the DCO through the estimated BLF. 


The data are analyzed in near-real-time to rdfine the BLF. The 
adaptive tracking sequence is exercised, during which the DSN 
is provided a frequency offset to “snap to", then to automati- 
cally ramp with the appropriate predicts. The frequency drift 
from the predicted is used to determine the new frequency 
offset, and used to keep the uplink centered in the receiver 
bandpass. This procedure is continued as long as necessary to 
ensure a proper uplink for commanding activities. This proce- 
dure relies on the DCO and the capabilities of the MDA S/W 
DMK-5106-OP-F automatic uplink feature. 

C. OSS 12 Antenna Efficiency Improvement 

DSS 12 was decommitted from support operations on 
6 March 1981 and scheduled to become operational again on 
24 April 1981. The prrpose of the DSS 12 downtime is to 
improve the overall antenna efficiency. 

The two outer rows of the primary antenna dish panels will 
be replaced and all panels reset. The subreflector surface 
tolerance will also be improved. This additional antenna work 
should improve overall antenna gain by at least 0.75 dB. 

During the downtime, ihe subreflector controller will be 
modified and upgraded. New ci'cuit boards and internal 
adjii.Niments will provide improved antenna pointing accuracy, 
which will also improve overall antenna performance. 

After the antenna work is completed, and prior to returning 
the station to operational support status, a series of star tracks 
will bo performed to evaluate actual antenna gain improve- 
mem 
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Navigation Using X-Ray Pulsars 

T. J. Chester and S. A. Butman 
Communications Systems Research Section 


Approximately one-dozen X-ray pulsars are presently known which emit strong stable 
pulses with periods of 0. 7 to ^1000 s, By comparing the arrival times of these pulses at a 
spacecraft and at the Earth (via an Earth-orbiting satellite), a three-dimensional position 
of the spacecraft can be determined. One day of data from a small ('^0,1 m^j on-board 
X-ray detector yields a three-dimensional position accurate to '^150 km. This accuracy is 
independent of spacecraft distance from the Earth, Present techniques for determining 
the two spacecraft coordinates other than range measure angles and thus degrade with 
increasing spacecraft range. Thus navigation using X-ray pulsars will always be superior to 
present techniques in measuring these two coordinates for sufficiently distant spacecraft. 
At present, the break-even point occurs near the orbit of Jupiter, The Oab pulsar can also 
be used to obtain one transverse coordinate with an accuracy of ^20 km. 


I. Introduction 

At present, as spacecraft are targeted farther from Earth, it 
becomes increasingly difficult to measure the transverse space- 
craft coordinates (the two other than range). Fundamentally, 
present techniques measure the angular coordinates of a space- 
craft and hence the positional uncertainty of the spacecraft 
grows linearly with distance. Thus navigation to the outer 
planets and beyond will be limited by these large uncertainties 
unless a better measurement tool is used. 


We present in this article a promising new technique that 
involves comparing the arrival times of pulses from X-ray 
pulsars at a spacecraft and at the Earth. The positional accu- 
racy given by this technique is independent of distance from 
the Earth. Only a small (M).l m^) X-ray detector need be 
carried by the satellite. This is in sharp cont^'ast to navigation 
using radio pulsars, which give more precise times but require 
impractically large antennas on the spacecraft. 
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ii. Details 

Several relevant parameteis of the known X-ray pulsars are 
given in Table I, as well as the parameters of the Crab pulsar, 
which is a radio pulsar (an entirely different beast) that is also 
detectable in X-rays. There arc* two major classes of X-ray 
pulsars ™ “steady'* and transient I’ources. The transient sources 
are detectable only at (usuall>) irregular intervals -- for 
example, perhaps for only 30 dcys - and then are below 
detection limits for a year or more. Thus only the “steady" 
sources can be relied upon for navigation. Unfortunately, even 
the “steady" sources sometimes turn off for about a month. 
This can occur at regular intetvals, as for Her X-1 which is 
detectable for 10 days and then undetectable (except briefly) 
for 25 days, or the off period can be irregular, as for Cen X-3 
and SMC X-1, Nonetheless, this should cause little problem, 
both because it is unlikely that all usable sources would be off 
simultaneously, and also because the long trar^sit times neces- 
sary on deep space voyages allow some shoit gaps in the 
measurements of some coordinates. 





The pulse . from X-ray pulsars are largely sinusoidal, with 
only a little power in the lower harmonics and no power in the 
higher harmonics. This is quite unlike radio pulsars, which 
pulse for only ^^10% of their periods. Thus the time of arrival 
accuracy is given by how well the phase of a sinusoidal pulse 
can be measured, and not by the arrival of any sharp feature in 
the pulse. 

Taking Her X-I as an example, 20 seconds of data taken by 
the UiiURU satellite, with a detectcir area of 0.1 m^, deter- 
mined arrival times accurate to 0.03 s (Ref. 1 ), which gives a 
positional measurement good to 10,000 km in the direction 
toward the X-ray pulsar. One full day of measurements would 
beat the error down to 1 0,(X)0 km V 20 s; 86,4(X) s = 150 km. 
Both SMC X-i and Cen X-3 are similar to Her X-1, and would 
give comparable positional accuracies. Thus these three pulsars 
would suffice to ;>ive a three-dimensional spacecraft position. 
Figure 1 shows the geometry of these three pulsars, referenced 
to the ecliptic plane. 

Of course, with ranging, only two pulsars are needed for a 
good three-dimensional position. The other short -period pul- 
sars can provide more informafion when they are pulsing. Even 
the long-period pulsars give posiuonal measurements which are 
only sliglitly worse because they tend to have more harmonic 
content in their pulses, and thus ti.ming accuracies Jo not 
degrade as badly as linearly with pulse period. 

The Crab pulsar, with its period of only C 033 s and its low 
duty cycle pulse, gives much more precise arrival times, and is 
always detectable. However, a larger detect would be 
required to take full advantage of this resolution. With a small 
detector, again 0.1 m^, the time resolution should be '^10 
times better than for Her X-1. Unfortunately, the Crab pulsar 
is in the ecliptic plane and thus cannot give any information 
about the spacecraft coordinate perpendicular to the ecliptic 
plane. Of course, except when the spacecraft lies along the 
direction to the Crab, such timing observations will measure 
one transverse spacecraft coordinate in the ecliptic plane. 


Because the pulse periods of X-ray pulsars (and radio pul- 
sars) are derived from the rotation of a neutron star, the 
period is very stable. Typically, 10 **, except for some 

of the long-period X-ray pulsars, which can have PIP^ 10"^. 
The most important source of liming error on the spacecraft 
will therefore come from the spacecraft clock itself. Fortu- 
nately, any drift of the spacecraft clock can be treated as an 
additional unknown, if it is important enougli, and can be 
found by using an additional pulsar. In that case, with ranging, 
three pulsars are needed for a good three-dimensional position 
and the determination of the .spacecraft clock offset. The 
spacecraft clock need only be stable over the chosen integra- 
tion time for an individual arrival time determination. 

Finally, the positional uncertainty of the X-ray pulsars 
themselves can be neglected. An angular uncertainty of 0 in 
the coordinates of a pulsar gives rise to an error of 0^/2 times 
the distance between the Earth and the spacecraft projected 
along the pulsar direction. Thus if 0 5 X 10“^*^ (0.1 arc sec), 

then the error at Saturn is less than 10 cm. 


III. Discussion 

Navigation using X-ray pulsars is a practical method that 
yields three-dimensional pocinons accurate to ^150 km with 
one day of data. It is the best practical method for sufficie itly 
distant spacecraft, requiring only a small X ray detector on 
bK)ard the spacecraft coupled with an Earth-orbiting satellite 
that provides the arrival of X-ray pulses at Earth. (In the last 
decade, there has been an average of several such satellites in 
orbit at any given time.) 

Present positional accuracies for the transverse coordinates 
of a spacecraft are '^300-400 km at Saturn (Ref. 2) with '^l 
day of data. Thus X-ray navigation is comparable to present 
tecliniques at roughly the orbit of Jupiter and is clearly supe- 
rior at Saturn and beyond. 
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Tabte 1. Th« known X-ray pulaara 


Name* 

Period, 

s Peak counts/s ^ 

Class‘-' 

3U0531 + 21 
Crab pulsar 

0.03 

100 

R 

3UOU5 -37 
SMCX-1 

0.7 

28 

S 

3U1653 + 35 
Her X-1 

1 2 

100 

S 

41)0115+63 

36 

70 

T 

3Uni8-(>() 
Cen X-3 

4.8 

160 

S 

.HM626 -67 

7.7 

10 

s 

0 AO 165 3 -40 

38 

600 

1 

AOS 35 + 26 

104 

1900 

T 

3U 1728 -24 

122 

60 

S 

A 1239 - 59 

191 

12 

S 

311 1258 -61 

272 

47 

S 

31H1900 - 40 

283 

100 

S 

41! 1145 -61 

297 

72 

S 

A1118-61 

405 


1 

31)1538 -52 

529 

11 

s 

3U1223 -62 

696 

32 

s 

3U0352 + 30 

835 

20 

s 

* The name begms with a 1- or 2*eharatier catalogue designation, fol- 
lowed by the right ascension (HHMM) and the decimation 
^2-6 keV counts per second tor a 0,1 m“ detector 
R radio pulsar, S steady, T ' transient 
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Propagation Path Length Variations Due to 
Bending of Optical Fibers 

K. Y. Lau 

Corr.municaDons Systems Research Section 


TVie propaf(ation path ienf^th variafi<m due n> bending of optical fibers is analyzed in 
this article. Both the geometric effect and material stress effects ar- included in the 
analysis. These calculations put an upper limit on the expected phase shift in single mode 
fibers. The frac tiona I change in propagation constant is given by 




(0.15) 



where a is the core radius of the fiber (either single or multimode/, and R is the bending 
radius ofcunature. Modtng effects m multimode fibers cause extraneims phase shifts of 
unusually high magnitude. This d<*es not occur in single mode fibers, rendering them very 
insensitive to bending with a theoretical limit given by the above relation. 


I. Introduction 

To transmit a time and frequency standard with accuracies 
required for such applications as VLBI (very long baseline 
interferometry), both a stable transmission path and a st>phisti- 
cated electronic compensation system are required. The choice 
ef a relatively stable transmission medium can greatly alleviate 
the stringent requirements for the electronic compensation 
system. Contenders for the transmission path include coaxial 
system, microwave, and optic-fiber system. Preliminary' phase 
noise measurements on a 3-km multimode fiber-optics link 
indicate that its performance surpasses all of the other avail- 
able systems (Ref. 1). It was also observed that bending the 
optical fiber introduces noticeable phase shift in the trans- 
mitted RF signal. The purpose of this article is to analyze this 
phenomenon and to establish a limit on the amount of RF 
phase drift introduced due to bending of single-mode fibers. 


This same calculation procedure cannot be applied to multi- 
mode fibers It has been observed experimentally that bending 
a multimode fiber introduces unusually high phase shift in tlic 
carried RF signal which cannot be accounted for by changes in 
propagation constants alone. The reason, we believe, is due to 
nioding effev'ts. Multimode fibers carry a large number (several 
hundred) of transverse modes* some tightly held* some loosely 
held* and some are even cladding modes. These different 
modes have different propagation constants (which, in fact, is 
the origin of dispersion in multimode fibers). Bending the fiber 
causes a redistribution of the power contained in each mode, 
with some tightly held modes converted into loosely held or 
cladding nunJes. If these loose modes were allowed to craer 
the receiver, a very large phase shift will be observed, because 
the effective propagation constant between the receiver and 
the jHiint when the bend occurs is changed, however, if the 
loosely held or the claddmg modes were lost before they enter 


26 



r < a 


the receiver, no effect should be seen on the aF p:ia3c shift. 
This proposition is supptirted by the experimental observation 
that, while bending the fiber within several hundred meters of 
the receiver produces several degrees of phase changes i*i a 
l(X)«MH/ RF signal, bending the Hber more than ^ km away 
from the receiver does not produce any significant effect on 
the phase. 

The above phenomenon does not Oi au in single-mode 
fibers because they carry only one iiu>de. Experimentally, 
bending a single-mode fiber anywhere along the link diH's not 
produce any noticeable phase shifts i>n the signal (as v^bserved 
with a lOO-MH/ RF signal on a vector voltmeter with a phase 
resolution of 0-1 degree). The analysis below gives an upper 
limit on the amount i>f phase shift ey peeled in single-mode 
fibers. 


II. Field Solutions of a Straight Optical Fiber 

Figure I shows a siep-;nde\ firmer cross section and the 
refractive index variation. lypical core dimension for a multi- 
mi>de fiber is 50 /am diameter, for a single-mode finer it is 
about 5 ti> 10 ^m diameter. The refractive index difference 
between the ct>rc and cladding material is 
typiCalU of the order of 10 \ A multmuHlc fiber supports 
hundreds of transverse modes, in a single -mode fiber all but 
one of these modes are bewmd cutiUf The fundamental mode 
(HFjj mode) that propagates in a single-mode fibei theoreti- 
cally dtK's not have a cuu>ff frequenev (in ciuV.rast to a hollow 
metallic waveguide), but f\>r sufficiently U>w optical frequency 
the power contained m the core is so small that for all 
practical purposes it can be regarded as beyond cutoff. 

Flectromagnetic wave propagation inside a dielectric fiber is 
governed bv tiv* wave equation 


V, i ,r) E - 0 ( 1 ) 


where E is the electric fieM vector, n is the refractive 'ndex 
and k is the tree space propagation constant = X For 
weakly guiding fibers (small difference between cladding and 
core index) the fields are 'try nearly uniformly and linearly 
pidari/ed (Ref. 2) si> that a scalar wave equation, obtained n> 
replacing the E vector by a scalar quantity v. suffices to 
describe the nunial behavior. As illustrated m Fig. I, propaga- 
tion IS in die V direction, giving rise to a factor e m tlie 
field V. and the transverse nuKle pattern can be solved from 
Fq. ( 1 ) subjected to pertinent bimndary conditions. They can 
he represented in cylmdneal ciHirdmaies by ihe Bessel 
functions 


j J^iur a) J^iu) 

= V j cos A (2) 

I K^iur a) K^iu) J r > a 

where r and 0 are tlie radial and a/miuihed ctnirdinalcs on a 
cross section f the fiber. J, and arc respectively the Bessel 
and modi fie. JcsscI functions of order /, / is a positive integer 
describing the mode »'rde»^, and u and w arc a pair of pa ram 
eters related to the propagation constant d thrt>ugli a set of 
transcendental characteristic equations. These field solutions 
have been extensively computed and well documented 
(Refs. 5.4). 

The problem of solving the field inside a bent fiber is 
considerably more complicated. The circular symmetry, which 
enables closcil form soluf u>ns to be w ntten down as in the case 
of a straight fiber, no longer exists when the fiber is bent. 
Previous analyses on bending effects concentrate on radiation 
loss (Refs. 5. 6). It was shown that such bending loss is 
negligible if the bend radius is larger than a few centimeters 
(Ref. 3). This would be assumed in the following analysis. 


III. Analysis of a Bant Optical Fiber by 
Conformal Transformation 

Figure 2 shows a sketch of the top view of a bent filler. 
With the help of conformal iransfiumation (Ref. 7), a bent 
section ot fiber can be transtormed into a s.raiglit sectioi. with 
a minified index of retraction profile. For radius of bend 
curvature, this modifi 1 index profile differs only .dightlv 
from the unmodified (straigh* fiber) one. that a |Kriurba- 
lion technique can Se used to evaluate the change m propaga- 
tion constant due to beiuu. i 

The bent fiber, as illustrated in Fig. 2a. lies on the v-v 
plane. Define a complex iiuniber / - v + a*, and a complex 
functi >n 


w = n ^ a* = /? //f| (5) 

which maps every point on the x v plane oMo j jHunt m the 
w-i plane Under tins transformation, a cir :ular annulus as 
shown in Fig 2a will be transformed into a siraigJit section as 
shown in Fig 2b The equation which describes wave propaga- 
tion in the n-e plane is obtained by applying a similar co4>rdi- 
nate tfansh>rmaiion. tq. (2), on the wave Lq ( I f aod results 
in 


da* 




d/i 

Jw\ 


^ 0 


(4) 
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On the oiiginal x^y plane, the wave propagates along the 
circular arc of the bent fiber governed by the wave equation (1). 
On the transformed n-v plane, the wave propagates along the v 
direction of the transformed straight fiber, governed by the 
transformed wave equation (4). The factoj \dZ^dw\^ can be 
easily evaluated from Eq. (2): 


I d£ 
1 dw 


= exp(«//?) 


( 5 ) 



Not unexpectedly, as the bend radius R goes to \dZfdw\ 
goes to I and Eq. (4) is the same as that for a straight fiber, 
resulting in mode solutions given in Eq. (2). 

IV. Modification of Index Profile Due to 
Bending Stress 

The conformal transformation technique illustrated above 
takes care of the geometric factor due to bending. However, 
there is a mateiial factor due to the stress and strain induced in 
the bent fiber. Obviously, when a fiber is bent, the inner part 
^ compressed and the outer part rarefied. We can as>ume that 
..t the mean radius of bending R (along the a.xis of the bent 
fiber) the density of the fiber material is unchanged, and that 
the local density of the fiber material is inversely proportional 
to /?, the local radius of bending. 

To calculate the variation of the refractive index due to a 
variation in fiber material density, we use the Clausius-Mosotti 
relation (Ref. 8) for the refractive index of dense material: 




where n - refractive index, N is the number of atoms/unit 
volume of the medium, and a is the atomic polarizability. N is 
inversely proportional to the local radius of curvature/?: 



(7) 


Using the actual numerical values. 


n^(p) = (l ~4-(1.4167)+(4y (2.0069)+ •••) (10) 
\ R \ Rl f 


where is the material density of the fiber without bending, 
which corresponds to a refractive index of about 1 .5 : 


where it is understood that inside the core and 

n© “ ^ciad cladding. 






(1.5)^ 


Since the conformal transformation Eq.(3) transforms the 
radius p into the ii-coordinate, Eq.(lO) can be substituted 
directly into the wave equation (4) in the transformed m-v plane: 


The refractive index at a point in the fiber where the radius 
of bending is /? = + p is given by substituting Eq. (7) into 

(6), expanding in a Taylor series, and assuming p « 7T: 


, Sit . 

dv* \3r* 


k^n^iuW 


dZj 

dw 


0 ( 11 ) 
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V. Perturbation Calculation of the 
Propagation Constant 

As mentioned at the end of Section III, when the bending 
radius R is large, \dZ\dw\ will be very close to 1, and we 
can assume that »hc transverse mode profiles themselves are 
not significantly modified. We can, however, calculate the 
change in propagation constant of each mode due to bending. 
Perturbation theory gives the following first order corrections 
to the propagation constant of the /th mode 
(Appendix): 



a is the radius of the fiber core, V is the normalized frequency 



and X is the free space wavelength. Substituting Eq. (14) into 
Eq. (13) gives 

‘ (« 5 ) ■ II 

+ + d/J (17) 


w 


^ lb‘ 

2 n 


(-^(0.5833) 


where is the /th transverse mode profile as given in Eq. (2), 
\dZ/dw\ is given in Eq. (5), and n^(u) in Eq. (10). The area 
integral of Eq. ( 12) is evaluated over the cross section A of the 
fiber, namely the uz plane. Substitution for the various quanti- 
ties in Eq, (12) yields 



In the following, we shall compute the change in propagation 
constant in single-mode fibers, using the above Eq. (13). 


Jo Jo 

(0.5833) 

+ ^ (1.1 736) + • * • \ rdrd<p 

/ 

(18) 

= 1.1736 1 —dr 

I P 

•'0 


+ higher order terms in 4: 
R 

(19) 

= 0.293 k^nl i — 

\rI 

(20) 

f 

(21) 


Only one mode propagates in a single-mode fiber: the HEj j 
mode. This mode is circularly symmetric, and is given by 
Eq. (2) with / = 0. Moreover, it can be very closely approxi- 
mated by a single Gaussian function (Ref. 9) to within 1% 
error: 


The fractional change in the propagation constant is thus pro- 
portional to the square of the ratio of mode width b to bend- 
ing radius R, According to Eq. (15), the width b of the funda- 
mental mode is approximately equal to the core radius, wliich 
is about 5 ^n^ for single-mode fiber. Eq. (21) can thus be 
rewritten as 







where the mode width i is given by 


(14) 



( 22 ) 


a yy/2 yb 


A bending radius of, say, 4 cm will thus cause a change in 
(15) the propagation constant of 1 part in 10* in single-mode 
fibers. 
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VI. Conclusion 

Measurem>mts on an experimental multimode fiber link 
indicate that fiberoptics is the most appropriate means for 
transmitting time and frequency standards. The anove calcula- 
tions indicate that single-mode fibers can be very insensitive to 
bending perturbations. However, the problem still remains as 
to how to efficiently couple the laser source to a single-mode 
fiber in a convenient, compact and noncritical way. Wiuh very 
tight focusing and critical alignments, a coupling coefficient of 


over 50% has been achieved (Ref. 10). However, typical cou- 
pling loss in actual single-mode fiber systems amounts to 
10 dB or more (Ref. 11), compared to an easily achieved 3-dB 
coupling loss in multimode fiber systems. The type of lasers 
used is also crucial in determining the coupling coefficient. 
Since the mode in single-mode fibers is symmetric, a laser with 
a symmetric output field would facilitate coupling. Means of 
achieving noncritical coupling into a single-mode fiber (such as 
tapers) are currently under investigation. Also under investiga- 
tion are means to reduce moding effects in multimode fibers. 
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Appendix 

Perturbation Analysis of a Bent Optical Fiber 


The perturbation formula Eq. (12) is derived here. The 
equation that describes wave propagation in straight fiber is 
Eq. (4) 


a." 


+ 







(A-n 


Propagation is u the v direction (Fig. 2b); hence the factor is 
where 0 n the propagation constant. With this, A-1 
becomes 

\aii^ az^ V 

or 


If the bending radius is large, H ' is not very different from H, 
and we can write 


//'=//+//, (A-8) 

where //j is ‘'small” compared to //, and i3'^ =0^ + 
where 6(0^) represents a small correction to the original/?^. 
The problem now is in the standard form of the perturbation 
theory (Ref. 12), and the correction to 0^ is given by 

= r (A-9) 

Ja 

where the area integral is evaluated over the cross section of 
the mode \//. From Eqs. (A*8), (A-7) and (A*2) we have 




(A-3) 


where the operator H is as defined from (A'2) and (A-3). 
For a bent fiber, the wave equation becomes (Eq. 1 1) 



+ to + I f f - 0 

hu^ hv^ W 

Assuming a propagation constant is/l ,in tliis case we can write 

9^1 (A-S) 

W '7Uw| 


or 


(A-10) 

Now, since a mode can be interpreted as plane waves 
bouncing along the waveguide walls at grazing angles, the field 
variation in the transverse direction is much smaller than a 
wavelength, and thus 


(A-ll) 


//•«// = 


(A-6) ca” approximated to 


where 


H 





dw 


(A-7) 


H 


1 


= 



dw 



Substituting this into Eq. (A-9) gives Eq. (12). 


(A.12) 
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Performance of Concatenated Codes for 
Deep Space Missions 

S. A. Butman, L. J. Deutsch, and R. L. Miller 
Commumcattons Systems Research Sectjon 


Computer simulation results are presented on the performance of convolutional codes 
of constraint lengths 1 and 10 concatenated with the (255, 223) Reed-Solomon code (a 
proposed NASA standard). These results indicate that as much as 0.8 dB can be gained by 
concatenating this Reed-Solomon code with a (10, 1/3) convolutional code, instead of 
the ( 7, I j2) code currently used by the DSN. 


I. introduction 

The purpose of this article is to present new results on the 
combined performance of short constraint length Viterbi- 
decv>ded convolutional codes and Reed -Soil ;aon codes. When 
one coding scheme is superimposed upon another the resulting 
con-bination is called a concatenated code. Those interested in 
learning about these coding schemes can find elementarv' 
presentatums in Ref. ! . Our interest is in their performance. 

The DSN currently has both (7, 1/2) and (7, 1/3) Viterbi 
decoaers. The performance of several convolutional codes of 
rates 1/2 and 1/3 with constraint lengths between 7 and 10 
have been knowm (or some time (Refs. 2,3). At the time that 
the DSN Viterbi decoders were built, hardware speeds were 
not fast enough to build Viterbi decoders of constraint lengths 
beyond 7 that were sufficiently reliable and inexpensive. 
However, with current and expected technological advance- 
ments in mind, we have given another look at the possible 
performance of Viterbi decoders of constraint length 10 and 
rates 1/2 and 1/3. 


This article not only extends previous Viterbi performance 
results, but also contains new performance results for convolu- 
tional codes concatenated with a (255, 223) Reed-Solomon 
code. (The performance of the DSN (7, 1/2) code concat- 
enated with this Reed-Solonicfn code appeals in Ref. 4.) The 
Reed-Solomon bit-error probability depends not only on the 
(average) Viterbi bit error rate, but also on the lengths of the 
Viterbi error bursts and the density of the errors within the 
bursts. Consequently, additional simulations are required ^o 
gathei these statistics 

The Galileo Project and the International Solar Polar 
Mission are planning to employ a concatenated Reed- 
Sdomon/Viterbi coding scheme for telemetering science and 
engineering data over the space communications channel. Even 
(he Voyager mission has this capability on boaid. The reason 
for using a concatenated coding scheme over convolutional 
coding alone is due to its more efficient use of signal power to 
achieve bit error probabilities in the 10~^ range. Such low 
error rates are necessary to make data compression schemes 
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workable. Data compression algorithms, while promising to 
remove substantial information redundancy, are very sensitive 
to transmission errors. 


The quest for good codes is more than just an academic 
pursuit. A 1 dB or 26 percent improvement from coding is 
equivalent to enhancing the utilization of the current DSN by 
arraying a 34-m and a 64-m antenna. With current DSN 
antenna costs estimated near $100 million, such a gain 
represents $26 million. Similar tradeoffs can be made on board 
a spacecraft. 


A block diagram of a concatenated coding system is shown 
in Fig. 1. Binary data generated on board the spacecraft are 
first encoded by the Reed-13olomon encoder. This encoder also 
interleaves the Reed-Solomon symbols so as to minimize the 
effect of error bursts on individual Reed-Solomon codewords. 
After this fiist level of coding the data pass to the convolu- 
tional encoder. The modulator converts these binary data to a 
phase modulated radio frequency signal which is amplified and 
sent out towards the Earth. Two modulation stages are 
actually performed in the transmitter. The binary data are first 
multiplied by a square wave subcarrier, and then the resulting 
waveform is used to phase-mouulate a high frequency sinu- 
soidal earner. 


On the ground, the analog signal is detected and tracked by 
the receiver. A carrier reference is derived and is used to 
heterodyne the signal to subcarrier frequency. The hubcarrier 
demodulator assembly tSDA) removes the square wave sub- 
carrier, and the symbol synchronizer assembly (SSA) attempts 
to recover the original coded bit stream. Due to channel noise 
(and other degradations caused within the receiver system) the 
SSA does not output the original binary sequence. Instead, it 
outputs a stream of quantized estimates of these bits. The 
Viterbi decoder takes these estimates as inputs and decodes 
the convolutional level of the coding. The Reed-Solomon 
decoder then deinterlcaves the symbols and does the final 
decoding. 

The simulations discussed in this article assumed that there 
are no losses from carrier and subcarrier tracking and 
demixiulation, and that the Viterbi decoder retains node 
synchronization at all times. Studies of these degradations are 
being undertaken, and the results will appear in future 
publications. For the purpose of this article, only signal 
degradation caused by the Gaussian noise of the space channel 
is assumed. The comparisons made in this article should 
remain valid when degradations are added. 


II. Summary of Simulation Results 

Figure 2 indicates the performances of several decoding 
schemes as a function of bit-energy to noise ratio. In particular 
it shows the relative performances of several Viterbi decoded 
convolutional codes including the (7, 1/2) code, which is the 
present standard for deep space applications. Also shown in 
Fig. 2 are Shannon’s theoretical performance limits for rate 
1/2 and rate 1/3 binary codes and the performance of uncoded 
transmission. The Shannon limits represent the best possible 
error performance for binary codes of these rates (Ref. 5). It is 
easily seen that the (7, 1/2) code is 2.3 dB away from the 
theoretical limit at an error probability of 5 X 10'^, Also, the 
(10, 1/3) code is less than 2 dB from Shannon’s limit for rale 
1/3 binary codes. 


Also shown in Fig. 2 are the results of concatenating these 
convolutional codes with an outer Reed-Solomon (255, 223) 
code. Ideal interleaving is assumed as well as no system losses 
other than Gaussian channel noise. The performance of the 
concatenated scheme is very sensitive to SNR; a I dB change 
can result in a bit-error probability jump of several orders 
magnitude. Consequently, the use of such a concatenated 
scheme should be accompanied by tight control of the signal 
to noise ratio of the communications link. Otherwise, the 
additional operating margin may negate the advantages derived 
from coding. 


III. Simulated Performance of Several 
Coding Schemes 

The key to computing the performance of the concatenated 
coding system is determining the Reed-Solomon symbol -error 
statistics. This information cannot be deduced from Viterbi 
bit-error performance curves. Consequertly, extensive simula- 
tions were performed on the Xerox Data Systems Sigma 5 
computer to calculate both the Viterbi bit-error and Reed- 
Solomon symbol-error statistics. Each data point was gener- 
ated by processing 900, (XX) bits through a modification of the 
software Viterbi decoder developed by J. W. Layland. The 
simulations assumed that there were no system losses due to 
receiver noise or lack of synchronization. The only degrada- 
tion present in the simulation was that of the random number 
generator simulating additive while Gaussian noise to reflect 
the channel SNR. Also, sufficient Rccd-Solomon symbol 
interleaving was assumed so that the symbol error events were 
independen;. This is referred to as ideal interleaving. It is 
worth noting that interleaving to a depth of 5 is nearly ideal 
for the DSN (7, 1/2) inner convolutional code at SNRs above 
2.0 dB. 
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Figure 3 shows the results of these simulations. In addition 
to the plots of Viterbi bi .-error probability, p,as a function of 
channel SNR each graph displays the Reed-Solomon 

symbol-erroi probability, n. The Reed-Solomon bit- and 
word-error probabilities ar‘ calculated from tt and other burst 
statistic information deriv<^d from these simulations. These 
Reed-Solomon oerformance curves are plotted against concat- 
enated channel SNR which is 0.58 dB greater than that of the 
Viterbi channel due to the overhead of the Reed-Solomon 
pr.rity symbols. 

IV. Conclusion and Discussion 

The Viterbi decoders currently used by the DSN suffer loss 
of node synchronization at low SNRs. This means that if the 
signal is too weak, the decoder cannot decide which of the two 
code symbols associated with each data bit should be first. The 
concatenated coding system allows transmission of data at 
SNRs lower than those required for a convolutional-only 
scheme. This means that node synchronization losses will be 
higlier in the concatenated scheme. 

There are also synchronization problems associated with 
the Reed-Solomon axle. A method for determining Reed- 
Solomon symbol and word boundaries is needed. If a packet 
telemetry system such as the one proposed by the EHIS 
(Ref. 6) IS to be implemented, then a frame synchronization 
device is aUo required 

For this article, (miy the error correcting capabilit\ of the 
Reed-Solomon code ^.as considered. However, this code is also 
capable of correcting a number of erasures, i.e., Rced-Solomor 
symbols that are previously known to be in error. The (25.s, 
233) code can correct h' errors and e erasures in each 
codeword as long as 2/*. + 1 ‘ < 33. If erasures can be detected, 
then the performance of the Reed-Stdomon decoder may 
improve by as much as 0.3 dB. 


It should be noted that the loss of node synchronization 
and subsequent recovery by the Viterbi decoder may cause a 
deletion or insertion of a bit into the data stream entering the 
Reed-Solomon decoder. When this occurs, Reed-Solomon 
symbol and word synch will be lost. In the proposed EEIS 
packet telemetry scheme a node synch failure could result in a 
loss of over 8000 information bits. Consequently, the sensitiv- 
ity of the concatenated coding to node synchronization losses 
is potentially greater than that of convolutional coding alone. 


The effects of carrier, subcarrier, symbol, and bit tracking 
in the system are also important to the overall performance of 
the coded channel since poor tracking increases the number of 
Viterbi decoder bit errors. 


The strict error rate requirements of data compres.sion arc a 
major reason for investigation concatenated coding schemes. 
These requirements stem from the removal of redundant 
information, hence compression. As an example, one of the 
data compression schemes under consideration (Ref. 7) 
reduces the number of bits per picture by over one half 
without loss of information. The reconstructed compressed 
data, however, are more sensitive to transmission errors than 
the original data. Hence error correcting coding schemes must 
he used, Notice that the concatenated schemes described in 
this article more than double the number of bits that are 
transmitted per information bit. This seems to neutralize the 
useful effects of data compression. Actually, this is not the 
case since an SNR of 9.5 dB would be required if no coding 
were employed to achieve an error rate of lO"^^ (see Fig. 2), 
whereas the concatenated scheme with the (7, 1/2) inner code 
requires only 2.3 dB, and only 1.6 dB is required when the 
no, 1/3) inner code t used. It might be beneficial to 
consolidate data compression and channel coding into a 
one-step process. 
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High Power Semiconductor Lasers for 
Deep Space Communications 

J. Katz 

Communtcations Systems Research Section 


The parameters of semiconductor lasers pertaining to their application as optical 
emitters for deep space communications are discussed. Several methods to overcome their 
basic disadvantage, which is the low level of powers they emit, are reviewed. Most of 
these mrtlh>ds are based on a coherent power combining of several lasers. 


I. Introduction 

Tlie DSN is currently considering optical frequencies for far 
deep ;^pace communications. In (Ref. 1) it was shown that 
ojjtical wavelengths in the 0.85 pm region appear to be the 
most desirable, primarily due to the facts that quantum detec- 
tors exist for such wavelengths and the optical signals can be 
generated by AlGaAs semiconductor injection lasers. It is the 
purpose of this report to present the basic operational charac- 
ter 'st»cs of semiconductor injection lasers, discuss their basic 
limitation, namely, the low power levels that they emit, and 
finally, to outline various possible methods (o mitigate this 
problem. For reference purposes, three tables are given in the 
Appendix which list the semiconductor laser devices that are 
commercially available today. Further details on semicon- 
ductor lasers cm be found in one of the following textbooks 
(Refs. 2 4). 

II. Advantages and Disadvantages of 
Semiconductor Laser Devices 

Semiconductor injection lasers have many inherent advan- 
tages, which loom significantly in our application. First, they 
have a high overall efficiency. An efficiency of d5 percent was 


demonstrated for a particular device at room lemperatuie 
(Ref. 5), and efficiencies of over 20 percent can be expected 
for most device structures. Furthermore, an additional 
improvement can be expected at lower temperatures (sec next 
section). 

Semiconductor lascts are also small in size, rugged and 
reliable solid state devices. Projected room temperature opera- 
tion lifetimes exceeding 10^ hours have been demonstrated 
(Refs. 6 and 7). Finally, semiconductor lasers can be easily and 
directly modulated at high rates up to the GHz region (Ref. 8). 

The primary drawback of these types of lasers is that a 
single laser cannot supply the amount of optica) power needed 
tor far deep space communication. For this reason, combined 
operation of several lasers must be accomplished. This topic 
will be discussed in Section IV of this article. 

Semiconductor la.ser operation lias been demonstrated in 
many atomic systems. Among these, lasers based on the 
(Al,Ga)As oystem are an attractive choice because the technol- 
ogy of this system is the most mature, compared to otliei 
candidates. These lasers emit their radiation in the 0.8 0,9 ^m 
(near IR) region. 
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Other current research is conducted mainK in systems 
sv^hiclt produce lasers with longer wavelengths (1.3 \.5^m). 
Such wavelengths are optinium I'oi fiber-optic communication, 
but not for space applicatioi^s, where shoitcr wavclengtlis arc 
desirable because of their smaller beam divergence. 


ill. Operational Parameters of 
Semiconductor Injection Lasers 

A semiconductor mice lion laser is basically a p*n diode 
where the dominant recombination process is radiative, thus 
enabling under the coiaditions ot high injection (necessary for 
sutTicient population mvorsuin) and optical feedback a laser 
operation. The p.ipulation inversion is established directly v»j 
the current passing through the device, and the optical feed- 
back is usually supplied by the mhrors formed naturally by 
the cleavage planes of the seimctmductor crystal itself. .A 
schematic view of an imection laser is shown in Fig. 1 

Vhe most imptutant chaiacteusiic of the iniection lasei is 
the light vs current (/.-/} curve A typical curve foi a good 
laser is shown in Fig. 3. The impoitant parameters sluwn in 
tins tlgurc are: 

(11 threshold current Iklow this current the hghi 

output consists ot multimode, incoherent and weak 
spontaneous emr^sion. Iot cunents above . iasmg 
i>ccurs 

^nux Maximum amount ot liglit that can bo 
ext I acted fiom tlie laser be foie a fa ihiie ocems. 

(3l -* (cX /n'HA/ A/) differential on an turn efficKmcv (c 

IS the electron cbaige, X is the eimssuui wavelength , h is 
Planck's constant and c is the veiocii> light! Values 
exceeding 31) poiceni pei facet lusve been aclnovcd 
( Kots 1 3 1 

rhe overall o|vra»Hmal efficiency of the laser at an opeutmg 
point (/./.) IS 



The factor i>f 1 2 is due tv> the tact that m most applications, 
light from only one <>f the two laser facets is utih/ed. Ohmic 
lv>sscs m the contacts of the diinlcs liave not been included in 
ti| (1). 


In the following paragraphs, some of the laser parameters 
will be described in more derail. 


A. Threshold Current 

For commonly used hctcrojunction lasers (see bcUiw). the 
threshold current density (7^j, ) ranges from about 1-3 KA/cm- 
at loom temperature (depending on the laser type), leading to 
thrcslu>ld currem.s of few ions to a few hundreds of miiliam- 
percs for typical device dimensions. The formula for calculat- 
ing./jj^ can he found in (Ref. 3). aXii important feature of l,u is 
Its rather strong dependence on temperature. As the laser 
tem|x'raluie is decreased (by A/i Tx' llucshold current is 
reduced, according to (approximately) exp | STn\y\{T^y 
'^120' K), liuis increasing the overall device efilciency. (It is 
wort 1 1 mentioning that t lie re is also a ten -fold improvement in 
reliability for every 30'^ K cooling). This properly of semicon- 
duct oi la sc IS is an added advantage, since m deep space mis- 
sions It IS possible to cool the optical einitler passively (i.c.. 
without investing power) down to Icmjx'ialuies of about 
i:o" K. 

B. Limitations on the Power Output 

The maximum power lluit can be reliably extracted from a 
laser diode depends both on the type of laser (with cleaved 
mmols oi distributed fcedbackland on the mode of operation 
(pulsed or ( W). 

I'oi iaseis with cleaved miirors (winch are the most com- 
monly used), the ultimate limit in pulsed i>pcration is reached 
when the light intensity at the lasei facet exceeds a certain 
lumt. This failure mcchams.n. known as catastrophic degrada- 
tion. IS somewhat analogoui to dielectric breakdown. The light 
intensity at the failuie is abiiut 10 MW/cnr altlunigh this 
value depends inversely on the squai*.* ro(d of the pulse width 
(Ref 2). Special laser structures (Ref 14), (Ref. 1 oi special 
laser coating (Rcl W>), have l>een denumstraied where the 
catastrophic damage occurs at much higher intensities. The 
catastrophic degradation limit may be a function of the oper- 
ating tom|X'iatmc. but this dependence is as yci unknown. As 
an example, assume that the safe working liiml of a specific 
device is MW emv Tlien. an emitting area of 200 (jum)* is 
needed to achievi a peak |>ow':f of 10 watts. 

W1ien the lasoi is operated in a ('W fashion, which is not 
likely to be the case in oui application, the hmilm.'’ factoi is 
usually due to thermal effects. This limit is lowci than the 
caiastioplnc damage limit (e.g . lOmW foi ('W optMation vs 
^ J(X) mW fm pulsed ojxnotion). 

41 


I 

h 









As a final remark, we should mention that for lasers with- 
out mirror feedback (e.g., Distributed Feedback (DFB) and 
Distributed Bragg Reflector (DBR) lasers), the limiting mecha- 
nism is not known. The ultimate limit-the dielectric oreak- 
down of the material occurs above I W/(/im)^ , which is about 
one to two orders of magnitude higher than the catastrophic 
facet damage. It is possible, however, that other meclianisms 
will prevent one from achieving this limit. Although mirrorless 
lasers are more amenable to integration, they usually have a 
higher threshold current and a lower differential qu?nium 
efficiency than the ones with cleaved mirrors. Thus lasers 
without mirror feedback are less attractive for our application, 
although their possible pplication mmt not be completely 
ruled out . 

C. Radiation Pattern of a Laser 

Due to the small dimensions of the laser active region 
cross-section, the light output is emitted into a large solid 
angle: up to 50^" in a direction perpendicular to the junction 
plane and about 10° in the direction of the junction plane. 
This large angle can interfere with subsequent efficient light 
processing (collimating, etc.). 

D. Single Spatial Mode Operation 

For deep space applications one needs more power than a 
single laser diode can supply. We have seen before that the 
limiting device parameter is the light intensity at the laser 
facet. One could ask why is it not possible to get higher power 
levels simply by increasing the cross-section area of the device 
active region. The answer is that this is not a good solution 
since by doing so, the active region cross-section dimensions 
become much larger than the radiation wavelength (M).9^), 
and such a structure cannot support a stable radiation pattern. 
Thus, the use of a single large emitting area would cause the 
transmitted beam to vary spatially in an unpredictable fashion, 
a situation which is unacceptable for deep space applications. 
Possible methods to overcome this problem are discussed in 
the next section. 


IV. Possible Approaches for Obtaining High 
Power Semiconductor Laser Emitters 

It has been noted that a single commercially available 
semiconductor injection laser, operating in the fundamental 
transverse mode, can deliver a few milliwatts in a CW i>pcra- 
tion, and at the most, a few hundred milliwatts in pulsed 
operation. This amount of power is far below that needed for 
space communications, which is about 1 W average power and 
with peak powers as large as possible. 


There are several approaches to partly or totally overcome 
this problem, as outlined in the following. 

A. Optimizationof the Parameters Of Single 
Laser Diodes 

This is done by modifying the cross-section shape of the 
active region, which results in a better mode selection 
(Refs. 17 and 18). By using this approach, it seems feasible to 
obtain devices that maintain a single mode behavior up to 
power levels of 100 mW. 

B. Phase Locking of Several Lasers by Placing Them 
in a Common External Cavity 

The cavity includes optical elements which cross-couple the 
radiation fields of the individual lasers. Under certain condi- 
tions. the amount of coupling is sufficient to obtain phase- 
locking (Refs. 19 and 20). An example of such a device is 
sliown in Fig. 3. 

The disadvantages of this method are that it relies heavily 
on mechanical structures, which makes it inherently 
stable, and it is larger in size. The advantage of such a struc- 
ture, however, is that the powers of individ la. diodes can be 
combined coherently, thus providing a more finely defined 
radiation beam. Tl.^s is similar to the fine pointing character- 
istics of phased arrays. 

C. Monolithic Phase Locking : One Dimensional Array 

In this method the power of several lasers is also combined 
coherently. However, unlike the last method, in this scheme all 
the lasers are grown monolilhically on a common substrate, 
and all the lasers in this array are electrically operated in 
parallel (Refs. 21 -24). In this case, the coupling mechanism 
leading to phase locking is achieved via overlapping the electro- 
magnetic fields of adjacent lasers. To achieve this, the lasers 
must be in close proximity 10 ^) to one another. With such 
a device, there is no need for an external cavity. This method 
has been used to produce devices consisting of 10 phase locked 
diodes and which are capable of delivering up to 900 mW of 
peak power in 100 ns I percent duty cycle pulses. 

D. Monolithic Phase Locking : Two Dimensional Array 

In this method, each laser diode in the parallel monolithic 
array described above is replaced by cither a vertical combina- 
tion of several diode lasers (Fig. 5), or by a laser diode that can 
emit higher power levels (for example, diodes of the types 
described in paragraph A. of this section). Operation of a 
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device with a vertical combination of several active regions has 
already been demonstrated (Ref. 25). Basic potential problems 
expected in the fabrication and operation of a two- 
dimensional array are m aintaining the uniformity of the emil- 
ted radiation patterns atul the coupling required for locking, as 
well as the removal of heat generated within ^he device 
structure. 

E. Hybrid Device 

Hybrid combinations of th.e above approaches have also 
been recently suggested (Ref. 2(i). The proposed device would 
consist of many injection lasers put on a common substrate in 
a common DBR resonator which supplies the cross-coupling 
between the lasers (see Fig. o). The proposed device is 


expected to emit 0.1 1 W average ptiwer from an emitting area 
of about 10 mm*. 

V. Conclusion 

The basic properties of semiconductor injection lasers were 
described and their advantages discussed. The primary disad- 
vantage of these devices (i.e., low single spatial mode output 
power) was then identified and several methods for over- 
coming this limitation were discussed. The technologies for 
solving the power limited emitter problem are just now emerg- 
ing, but with so many independent approaches in progress, one 
can be quite confident that commercial devices capable of 
delivering the requisite power will soon be available. 
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Fig. 5. Schematic viaw of propoMd two^lmonalonal phaao4ockod Mmmt array 





Appendix 

Devices Available on the Market 


The next three tables summarize the parameters of GaAlAs lasers and laser arrays that 
are available on the market. Table A-1 lists double heterostructure diodes, which have 
high reliability and operate at low power levels. Table A-2 lists diodes intended for high 
peak power pulsed operation. These diodes have lower reliability and less controlled beam 
pattern. Table A-3 lists laser arrays, made of diodes of the type listed in Table A-2. In 
each table, only the best device in each category of each manufacturer is listed. 



Tabl« A-1 . AIGaAs ln)actlon laaera: CW low powar doubla httaroatructura dkxiaa (availabla on tha maricat, March 1981) 


C'ompany 

('ountry 

Mode! 

lypc 

Notninal 
Output 
Power |niNV j 

Operating 
1 lectricai 
Power (inW| 

Power 

Mliciency 

Single 

Transverse 

Mode 

Source 
Size luM 

Beam Diver- 
gence jdeg^l 

Hilacht 

Japan 

Hir3()(M) 

Buried 

Optical 

(Unde 

6 

81 

7.4 

Yes 


20 X 35 

LDl 

1’ S 

SCW-2(i 

(SP 

7 5 

170 

4 4 

Yes 

0 2x7 

10 X 35 

Mitsubishi 

Japan 

SMrlim 

US 

3 

72 

4 1 

Yes 

04X2 

10 X 40 

R( A 

1’ S 

CH6014I 

Dou de 
Dovi tail 

7 

200 

3 5 

Yes 

2x6 


(icncul 

<)pth>nuN 

1 S 

tiOI S 

Prot( n 

Bombard- 

ment 

5 

200 

2 5 

Yes 


10 X 45 

1 \M>n OIS 

1 s 

OI ,M50/ 


5 

220 

2 3 

Yes 

1 X 12 

20 X 45 

11 1 

r k 

IS7737 


7 

320 

■> •) 

Yes 





LS77,<5 

Broai 

Area-l>l! 

21) 

3h0 

5 5 

No 
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TiiMA-2. AIGaAtln|tctkmlM%ft:pulMd,hK|hpMlipow*rdiod#t 
(av«Hai>l« on ttw marlcot* March 1961) 
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(ojnpany 

Toumry 

Model 

Type 
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Output 

Power 

|W) 

Duty 

Ode 

(mav) 

Powei 
V fficiency 

S' 

Si>urcx* 

Si/e 

jAini^l 


LDI 

US 

ID 68 

Single 

Metcro* 

Structure 

20 

0 1 

33 

2 X 400 


RCA 

V s 

sc; 201 ? 

Single 

Hetero- 

Structure 

20 

0 1 

1 7 

2 X 600 


ITT 

V K 

LA 15 

Single 

Hetero- 

Structure 

15 

0 2 

1 9 

2 X 230 


I.B 1 Double 0 2 15 4 4 0 5 >100 

Hetertw 
St:ueturc 


TabM A-3. AIGaAa Infacllon laaar arraya (avallabla on tha marfcat. March 1961) 

C ompan> 

CViintr) 
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DsoJe^ 
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(max) 

Power 
1 Itlciciuy 

Si»urce 
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|*im2) 
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I'M 
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LA 410 
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lomi 

0 01 

3 

3900 X 46(M) 




MH 167 

5 

80 

0,03 

5 

400 400 




IDI 167 

5 

80 

0 04 

4 

5(H) > 5CH) 

Arra> v^ith 
tiK'r 

integrator 

RC A 

V s 

C' HXU2 

6 

100 

0 01 


5(H) - 500 




C 3(MH19 

60 

3(K) 

0 02 

1 

15(H) >1 4(HM) 


in 

1 K 

LS 77 28 

40 

3(H) 


3 

5(H) « 3800 



»>. 4 ! 


d 



IDA Progress Report 42-63 


PfO 

, N81-27133 

* 

March and Apnl 1961 
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The capantv of a free^space optical channel with received background noise using a 
multimode direct detection receiver is derived under both peak and average signal power 
constraints and without a signal bandwidth constraint. A random telegraph wave typt 
Signalling scheme of Kabanov is shown to achieve capacity provided enough signalling 
bandwidth is available. In the absence of received background noise, an optimally coded 
PPM system is shown to achieve capacity with greatly reduced bandwidth as compared to 
Kabanov signals. 


I. Introduction 

There lias been considerable research on optical communi- 
cation systems in recent years. In particular there is consider- 
able interest (Rets. 1-6) in determining the channel capacity or 
the maximum theoretically attainable information rate at 
which reliable communication is possible over optical clian- 
nets. This article is concerned with the clunnet capacity of a 
frec-space optical communication system. The reliability of 
such channels is affected by the quantum mechanical limita- 
tions on the measurement of the received optical field as well 
as the presence of noise in the received field. In addition the 
channel capacity depends on the particular type of receiver 
employed for example, coherent linear amplifier receivers, 
heterodyne receivers, homodyne receivers and direct detection 
receivers. Furthermore, constrauits imposed on the allowable 
transmitted signal power also affect the available channel 
capacity. 

In order to put the results of this paper in proper perspec- 
tive, we briefly review related work. Gordon*s benchmark 
work (Ref. \) gave the ultimate i^apacity of any frec-space 


optical communication system under an avc: age signal power 
constraint. This value of channel capacity determined by 
Gordon ( Ref. 1 ) places no limitation on the receiver employed 
other than the quantum mechanical limitation on the accuracy 
of measurement of the received optical field and the presence 
of additive noise in the received field. Hence it represents the 
maximum reliable infornntion rate that can be attained by 
any system. The importance of this result notwithstanding, the 
channel capacity with specified receiver structures is also of 
interest. Gordon (Ref. I) has obtained the channel capacity 
using coherent amplification, heterodyne and homod>ne 
receivers respectively. These channel capacities are substan- 
tially less than the ultimate channel capacity 

We are concerned here with determmmg the channel capa- 
city using a direct detection or photon counting receiver. In 
direct detection systems, the photon counter output can be 
modeled by a Pohison process with a stochastic intensity rate 
function (Refs. H 10, 17). The stochastic intensity rate p'o- 
ce:^ describes the average rate at which photoelectrons are 
generated by the detector. It contains stochastic signal and 
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stochastic noise compi^nents The noise component in the 
stochastic intensity rate process arises because of the back* 
ground noise observed in tlie receiver’s field of view and can be 
modeled by a Gaussian white noise process (Refi.8, 17). 
However, for the purpose of determining cfiannel capacity, 
this Poisson model docs not appear to be tractable without 
further simplifying assumptions. This is because of the diffi- 
culty in dealing with the Gaussian white noise component in 
the stiichastic intensity rate process of the Poisson process. 
This problem is of course not present in situations of negligible 
background noise, th removing the Gaussian white noise 
component fn»m the stochastic intensity rate process model. 
This IS the situation considered for example in Refs. .^5, 
where the channel capacity is obtained under various signal 
power constraints and signal modulation constraints. 

We are concerned here with the situation when the back- 
ground noise cannot be neglected. Suppose also that the 
receiver either observes many spatial modes (i.e., a large field 
of view) and or many temptiral modes exist tie., the signal 
bandwidth is much smaller than the recc»ver's optical band- 
width) tRet 17) Then the stochastic photon arrival rate due 
to tlie backgriHinu uoise can be replaced by its expected value 
(Ref. 17). This is the situation considered here Kabant)v 
(Ref. b) has prevunisly derived the channel capacity in tins 
situation under a peik signal ^lower constiaint. We shall extend 
his results by amsuuring simultaneiiusly a peak and an average 
signal power constraint. Finally, consider the other situation 
of a small number ot spatial and tenip^^ral modes This i.s the 
situation of a small field of view at tue receiver and signal 
bandwidtfis approaching the optical bandwidth of the receiver. 
In this case herce el al. (Ref. IS) have determined the chan 'el 
capacity 

Surnmari/ing, this article is concerned with a free-space 
optical ciimmunication system using a direct detection 
receiver. It is assumed that the receiver either observes a large 
luimber of spatial modes and or a large number of temporal 
rtUKles, This is generally called a multimode direct detection 
system. The mam result of Uis article (Thev)rem I, Section 11) 
gives tlie aveiage and peak power coi.stramed channel capacitv 
in this siiu;»Mon The derivation of fins theorem is given in 
Section ill A random telegraph waw type signalling scheme 
due to Kabanov (Ref o) is shown to achieve capacity provided 
that sufficient signalling bandwidth is available. Finally, in the 
case of no background noise, it is shown in Section IV that the 
channel capacity can be achieved using pulse ps)sition 

nuKiulation (PPM) along with coding, prosided that sufficient 
signalling bandwidth is available. It is als4> stiown that the 
coded PPM signalling scheme achieves capacity with a greitly 
reduced bandwidth as compared to the Kabanov signalling, 
scheme. 
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II. Channel CapaJty 

C onsider an optical channel using an intensity modulated 
liglu source transmitter and a multimode direct ( tcction 
receiver with an ideal photi.detector. The transmission 
medium assumed to be free space so that no degradatio^i 
other than a geometric power loss is imparted on the trans- 
mitted light beam. The receiver light power at the photo- 
detector IS assumed to be weak (Ref. 7) so that the photo- 
dctcctor current output can be characterized by the seijue.ice 
of time instai,.' of the photon absorption photoelcctron emis- 
sion process of the photodctector. We can then mode* the 
photodetector output in terms of a counting process *VV) 

/ > 0 where A'(r) - number of photoelectron emission events 
in (0, t ). Hence this type of receiver is often called a “pluilon 
counter.” It has been shown (Refs. H, 17) that /V(/) can be 
mtxleled as a ctmditionally Poisson counting process given the 
intensity of the received liglit process at the photodctector 
L>et X(G be the instantaneous average rate at which photoelec- 
trons arc generated at tune ( in units of photons per second 
Wc shall assume tint X(/ ) is given by 

Mt) = X^(/) ^ u ( M 

where X^i/) is the instantaneous average raic at which photo- 
electrons are generated as a result of the received signal field 
and n is the average rate of photoelectron generation due to 
the received background noise field and detector dark current. 
We shall assume that ft is constant since the receiver is assumed 
to be multimodal (Ref 17). l^t 'A(r)> be the info.mation 
hearing mesc»age siiv hastic process that is transmitted Since 
Xj(/) depends on this process uV(f) , it is also a stochastic 
process. In the case where there is instantaneous feedback 
from the photodetcctor o ut to the transmitter, X^(/) can in 
addition alst) depend on jw(r): 0 < r < In this case i V(r)‘ 
IS referred to as a compound regular point proces. by Rubin 
(Ref. ^), who first studied detection problems involving these 
processes. In the case where there is ni» feedback link of any 
kind present, X^(/) depends only on the external message signal 
process ^5(r) . In this case i.V(G* is often called a doubly 
stiKhastic Poisson process (Ref 10). In cithei case, the sto- 
ol asiic process *Mt) given by Fq ( 1 ) is usually called the 
intensity rate process of the ptnnt process I.V(r)r. We shall call 
< X^(r) the signal intensity rate process. 

The goal of this aitivle is tc determine the chann<»l capacity 
with Ciinstrainfs on the average and the peak received light 
signal power. Since X^(r) u direcMy proportional to the instan- 
taneous received ignal pi>wei. we shall impose peak and aver- 
age value constraints on the adnussiole X,(/) processes in 
calculating the channel capacity. In ordei to define the chan- 
nel capacity, denote 
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r 


5,, = {Sit) :0<f<n, 

(2) 

N.J. = [Nit) :0<t<T], 

(3) 

= {X^it)A)^t<T], 

(4) 

for each T> 0. Also let /(Sy.; = average 

tion between and A'y, (in units of nats) 

mutua. informa- 

Fcr each 0<J<p, let V^(s,p) denote the class of all 
message processes {S(f)} and signal intensity rate processes 
satisfying the following conditions. 

(a) X.^ is a deterministic function of Sj for each r> 0. 

(b) O^X/tXp 

(5) 


(c) For e*/ery 7 > 0, 

A 1 r 

CrTi\, ) = Y I ^'[\in] (6) 

We shall use Y'{s,p) as the admissible class of message p.o- 
cesses and signal intensity rate processes for calculating the 
channel capacity without teedback. In particular, for each 
r> 0 define 


Then %^p{s,p) will be the admissible class of message and 
signal intensity rate processes used to calculate the channel 
capacity with feedback. That is, define 

- sup (<)) 

for each T>0 and let 

C^is.p) = lim (10) 

T-^or. 

Cp{s,p) is the channel capacity (in units of nats per second) 
with feedback under peak power constraint Eq. (5) and aver- 
age power constraint Eq.(6). The presence of instantaneous 
feedback arises tlirough the possible dependence of the modu- 
lation format X/r) on the photodetector output as given by 
condition (a'l de^'ming ^^p{SsP). The following theorem gives 
an expression fc. CTs,p) and also shows thatCi,s,p) = Cp{s,p). 
Tliat is, the use of instantaneous noiseless feedback does not 
increase channel capacity. This feedback result is really just a 
special case of a similar result (Ref. 19) that is valid for all 
memoryless channels. The Poisson optical channel considered 
here is also a memorylcss channel. 

Theorem I 
Let 


C\{s.p) = sup 

U.S{/), X (r))} c '#(5, r) 


(7) 


min + rt) exp *^log |l photons/sec. 


(in 


By definition (Ref. 1 1 

C(?. 7) = lim CjXs^p) (8) 

y — fccn 

is the channel capacity (in units of nats per second) without 
feedback under peak power constraint Eq.(5) and average 
power constraint Lq. (6). It *s clear that the maximization in 
Eq, ( 7) is over ail possible message processes fS(/)} and over all 
possible modulation formats by varying X^(/). Moreover 
Eq. (5) limits the received peak signal power and Eq. (6) limits 
the received average signal power. 

Next let '^'p{s,p\ denote the class t J message processes 
{.S(/)Und .signal intensity rate processes {\(r)} satisfying the 
conditions (b) and (c) above along with the following condi- 
tion (a') in place of (a) above: 

(a') j is a det . '’Stic function of and ^Y fot each 

r>o 


Then 

Cy(s,p) = C\s,p) 

where 

0(s, p) = log (P + «) log (P + «) 

“ (o + n) log (a t- rt) nats/second. (12) 

Moreover, in order to achieve channel capacity with or with- 
out feedback, the received average signal power must be a 
photons/secoTid. 

The case when n = 0 corresponds to the situation where 
there are no received photons due to extraneous background 
radiation and when the detect • dark current is zero. This 
situation has received considerable recent attention 
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(Refs. 3-5). Setting n = 0 in the above theorem yields the 
following expression for channel capacity in the no back- 
ground noise case. 

Corollary I 
When 

n = 0Xp(SyP) ^ Qs.p), 

where 

C\s,p) = o log nats/sec. ( 1 3) 

and 

o = min (5, p) photons/sec. (14) 

is the received average signal power required to achieve chan- 
nel capacity. 

Since the average received signal power s is always less than 
or equal to the peak received signal powei p, then by setting 
s~p we effectively remove the constraint on the average 
received signal power. That is, Cy{p,p) and C\p,p) are respec- 
tively the peak power constrained channel capacity with feed- 
back and the peak power constrained channel capacity with- 
out feedback. Hence we obtain the following corollary. 

Corollary 2 

lender only a peak received signal power constraint of p, 
the channel capacity with feedback is Cy{p,p) and the chan- 
nel capacity without feedback is f\p,p)- Then Cf.(pJ))- 
OjyJy) is given by Fq. (12) with 

a ^ ip ►n)exp|j^log |l 

Proof 

We need only show that p>o given by Eq.(ll). This is 
true because it is clear that 

by using the inequality log (I ^ x) < v. O.E.D. 

We note that Kabanov’s expression (Ref. t) for the peak 
received signal power constrained channel capacity when n = I 
is a special case of ( orollar)* 2. 


In most laser communication systems, the available peak 
signal powei is usually substantially greater than the available 
a vet age signal power. The usual case is that p»s. It is 
interesting to note that in contrast to additive Gaussian noise 
channels (Ref. 13), the primary constraint on the available 
channel capacity is the available peak signal power, rather than 
the available average signal power. This can be easily seen from 
Eqs. (11) and (12) where for a fixed background noise level n 
and fixed available average signal power 5, the channel capacity 
C\s, p) can be made arbitrarily large by making the available 
peak signal power p arbitrarily large. We also note in this 
regard that constraining' only the available peak signal power 
results in an unrealistically large estimate of the maximum 
achievable reliable information rale of the channel. This can be 
seen more readily in the no background noise case (n ~ 0), 
where the peak signal power constrained channel capacity is 

Cip.p) = p nats/sec (17) 

and the average and peak signal power constrained capacity is 

C\5,p) = .V log|-|“jnats/sec (181 

when p > e 5 . So in the usual case when p » s » 1 , Qs, p) 
is substantially smaller than C\p,p). For example, in a deep 
space optical channel, present technology (Ref. 5) can achieve 
a system with negligible background noise, 10^ photons/ 
sec and p= 10^ photons/sec. Then 0(s,p)~ 6.^ X 10'* nats/ 
sec and 0(p,p)= 3 7X 10^ nats/sec. We also note from 
Eq. (13) that in order to achieve f\p,p), s must be at least 
c"* p. In a laser communication system, the available peak 
signal power must be reduced considerably to attain such a 
liigh aveiage to peak signal power ratio. Similar coii :lusions 
can be reached in the case where there is background noise 
present. 

The derivation of Eq.(ll) and (12) follows Kabanov’s 
approach (Ref. 6) and involves the following tv'o steps: 

(1) The first step establishes the formuia tq. (12) as an 
upper bound on Cf (s,p) and so also an upper bound 
on Cl(s,p). 

(2) The second step gives a sequence of message proce.ses 
and signal intensity rate processes 
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belonging io^\$,p) (see Eqs. (48) and (51) in Sec« 
tion III) with average mutual information ; /Vj) 
and demonstrates that Nj)jT converges to 

Eq.(12) as m tends to infinity. This then proves that 
the upper bound in Step ( 1 ) can be achieved and is 
equal to C\x,p) and Q.i?. p). 


Tlie technical details involved in these two steps are discussed 
in the next section of this article. 


The optical signalling bandwidth of this photon counting 
optical communication system can be taken to be the band- 
width of the signal intensity rate process. Section IV of this 
article investigates the optical signalling bandwidth required to 
achieve channel capacity. The bandwidth of the signal inten- 
sity rate process 1X^"'V)) used in Step (2) above to achieve 
channel capacity is determined and is shown to be unbounded 
as m tends to infinity. Thus the formula Eq. (12) is the 
channel capacity without bandwidth constraint. The rate at 
which the bandwidth of increases as capacity is 

approached is also derived, in the case where there is no 
background noise, an optimally coded pulse-position modula- 
tion (PPM) system is shown to be capable of achieving channel 
capacity at a reduced bandwidth as compared to the signalling 
scheme used in Step (2). The reader who is more interested in 
these results than the involved technical details in Section 111 
can skip that section and go directly to Section IV without 
essential loss of continuity. Section V relates the results of this 
article to previous work. 


III. Derivation of Channel Capacity 


We first carry out Step(l) to establish that Eq.(12) is an 
upper bound on Cy(s,p) and hence also an upper bound on 
(\s,p) since r^(s.r). In order to examine Eqs. (6) 

and (7) we must use the following formula for the average 
mutual information, which is valid for all {C^(r), X^(r))) in 
rAS.p): 


f [/’;|(X^(r) + rt)log(X/y) + n)l 
•'o 


/• [(\(() n) log (>^(r) + n )] } (ir (1^) 


\(t) = /:IX^(/)|VJ 


is the conditional mean estimator of X^(r) given observations 
.V^= iV(r) : 0 < r </}. The fonnula Eq. U^) is given in 


Ref. 12. We provide a formal derivation of £q. (19) in Appen- 
dix A for completeness. Note from Eq. (20) that Nj^) 
depends on only through So denote 




Note that since the function /(x) -x logx is convex, Jensen’s 
inequality gives 


i -' ^ * "^1 


> + «)! log + «)i 


= [h\\{t) + n)l log + «)1 , 


the last equality following since )|/V,J J = 

F(Xj(/)l . Hence Eqs. (19) and (22) yield 


•'o 


1(\(^) + «) log (Xj(r) + m)1 


lf.(X/f) + h)] log [/f(X^(/) + «)) ] dt 


= J(X,r) • 


From Eqs. (9), (21) and (23) we have the following upper 
bound on 


TC^^($,p)< sup J(\^) Jj.(s,p) . 

{iSith X^(f)))e 

(24) 


We shall solve the optimization problem Eq. (24) to deter- 
mine Jj^{s,p), IvCt us first introduce a slack variable for this 
optimization problem to change the inequality constraint 
Eq. (6) to an equality constraint. In particular, define 
fy^(s,p) to be the set of all message processes {5(r))» signal 
intensity rate processes {X,(r)} and nonnegativc numbers x 
such that conditions (a') and (b) in the definition of y>(5,p) 
hold and su( h that 


0 <x , 


CJX_) + x = s 


Then it is clear from the definitions of and 1/^ ( 5 , p), 

and Eqs. (24) through (26) that 
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Jjis.p) ^ sup 

1^1 US next introduce the Lagrange multiplier for the equal* 
ity constraint Fq. (26) in the optimization problem f q (27) 
In particular define ^^/.(/3) to be the set of ail message pro- 
cesses UV(r)} and signal intensity rate processes {/\(r)}such 
that conditions (a') and (h) m the definition ot hold. 

Nov./ fc each real number /j X), consider the following 
optimization problem: 

sop + v). 

0 V. \ *», .? 

7^ip) (28) 

Tlic following proposition then r dates (2S) to (27). 

Propitsinon I 

Suppose there exists a v*c [0. s] and {(.V*(;). A*(r))!c 
^y^(/>) which achieves the supienumi in Fq. (28) for some 
/a > 0 so that (.v*^. i(*5*(/), A*(/))}) t ^y^(j./i). Then this (.v*, 
{(.S'*(/), A*(/))l) achieves the supiemum in Fq. (27), 

Commcnf 

This proposition essentially s;iys that if we find a Lagrange 
multiplier p>Q so that the solution of the optimization 
prt>blem Fq. (28) is also feasible for the optimization problem 
Hq. (27), (hen this solution of Fq. (28) also solves Fq. (27). 
Note that sir.e ‘^(^7 ) is not concave m generalized 
Kuhn-Tucker theorems valid in function space could not be 
invoked here to obtain this proposition. 

/Vrx)/‘ 

By hyp^nhesis, 

(V*. i(.v*(r). \*{t))])e‘J‘y{s,p). 

So from (27). 


Bui for this q > 0, it follows from i:qs. (2()) and (27) tluit 

= sup 

(X. \(r ))]).- 

= sup 

O. {t.ftO. \(/)'}) f ff,As.p) 

- p\G^\\j.)^x- s) 

(D 

< sup 

0 .V V s 

x^(r))li 7f,{p) 

0) 

= 7(X*^.) /u|t;^.(x;,.)f.v*-.vi 

@ 

= y(x;^.), (30) 

where® is because (.v, |(.V(/), X^(/))[)e ^J^f.(s,p) implies that 
0<.v«i.vand ((.V(0, X^(/))| ( ^y^ (/7);® is because ( v*. 

X*(/»}) achieves the supreimun in Fq. (28); and® is because by 
hypothesis (^^.(X^y)^ v*=.v since (v*, {(i^*(/), XJt/))))c 
i/f'(«L/5). Then Fqs, (2^)) and (30) establish the proposition. 

Q.F.D. 

We shall solve t. timization problem Fq. (27) by finding 
a solution of Fc. (28i which satisfies the hypothesis of Propo- 
sition I. l>ct ^>0 bo arbitrary for the time being. We sliall 
restrict p later. The optimization problem Fq. (28) may be 
written as 

sup I sup |y(X^^)- /j(;^.(X^.,,)| - ^.v|. 

Ovvvf {(5(/), X^(r))( e y^4/i) 

(31) 


y(X,*,.Ky,.(f.p). (20) 

Th«n from Kqs. (6) and (2.)) we have 

where 

sup - n 


S6 


I 



/;'[(\(0 + M ) log ( X ^(0 ^ n)l 

- \k\\{t)^n)] log[f;(X/f) + «)l 

<D i 

= r sup \/*/((A + «) log (A + n)| 

Ac.4T(p) 

- [t:(\ + n)l log [t:{\ + n)] - (|-)/:'lAl } . (32) 

where *^i{p) is the set of all random variables A such that 
0 < A <p. To establish ® in Eq. (32), note that for each ( e 
(0, T \ , the integrand in the preceding line cannot be larger 
than {1/rxiast line of Eq.(32)]. Hence the last line of 
Eq. (32) is an upper bound. This upper bound can be achieved 
if we restrict {(5(/), Xj(f))} to be such that for every f, 
X/r) = A e^Wify) in the suprenuim in the preceding lii*^. 

In Appendix B we prove the following proposition, which 
gives the solution of the optimization problem in the right- 
hand side of Eq. (32). 


sup 

{{Sit), 




Prof)osition 2 

Suppose ju > 0 is such that k > 0, where 


k = (p + /?)exp 


+1 

T 


)+flog(l «. (3.3) 


Then 

T sup 1 1. ((A + fiHog (X + n)\ “ (/*( \+ n)\ log (A*.(A + /i)] 
A».(e(/>) 

= 7'| 4) {p -t fi ) log (/) + «)+( I 4) n log n 
' (X + fi) log (k + Ft) 

where the which achieves the supremum in Eq. (34) 

has uistribution 

P(\* = p) = I P{\* = 0) = 4 . (35) 

In particular f. l A* 1 = k. 


From Eqs. (31), (32) and (34) of Proposition 2, the value 
of this optimization problem Eq. (28) for p>0 such that 
^ > 0 is given by 


sup ) ~ ^ 

a < X <s 

{Wf). x/f))l * ) 

sup yrj|-^W + «) log (p + u) + 1 1 - "^1” 

0 V t V j \ E 

- {k + m) log (k + n) - ■ 


/It , 


= T 


|i|4-j(p + m) log (^ + «) + |l - log n 
{k*n) log (k + h) - • 


(36) 


Moreover, the solution .v*e (0, s] and {(.^*(r), X*(f))} e 
(/^.(/}) of this optimization problem is given as follows for the 
two cases > 0 and ^ ' 0. 

Case I: p>0 such that kX) 

(i) .X* = 0 / ^ (37) 

I p, with probability -r 
Ui) \*U) = A* = ^ 

I 0, with probability |l (3S) 

Case 2. p - (in which case k> 01 (see Apfu^mlix B). 

(0 .Y^ arbitrary in [0, s) . (3^) 

(ii) X*(r) given by Hq. (38). 

Also, in cither Case I or Case 2, Eq. (38) gives 

f;^(X;.^X - k (40) 


In order to solve the optimization problem Eq.(27) we 
now appeal to Proposition I. From Propi^sition I, we need to 
find p > ^ so that the above Sidution Y*<.[ 0 ,Sj, {(A'*(/), 
XJ'(r))lc lPf.{p) of the optimi/.ation problem lup(28) is also 
feasible for the optimization problem Eq. (27). Tliat is. we 
need to find p > 0 so that (v*,^{(A*(/ ), X*(r))l) e (/^fAs.fy). 
In examining the definition of ^/^.(p) and ^-/^(?. p), it is clear 
that we need only find p > 0 so that 


0’.,,(Xf^.) + .Y* = .V. 


(41) 
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To do this we consider two separate cases below: 


Case /. s<(p^n) exp 




In this case it follows from Eq. (33) that there is a > 0 so 
that 

k = (p + n)exp y+^log|l +4j- ij - n = j. (42) 


So here. Case 1 above applies for this > 0. Then from Eqs. 
(37), (40) and (42) it is clear that Eq. (41) is true. So the 
hypi>thcsis of Proposition 1 is satisfied. Moreover, Eqs. (23), 
(27), (38), (42) and Proposition 1 then give the following 
expression for 7^.(5,^): 


= T 


(a + n) log (a + «)J 


ip ^ n)\og(p ^ n) 


Case //; s > 


(p + n) log |l - 1 j - n 


l>el p = 0. It then follows from Eq. (33) with p-0 that 


k - {p ^ n) exp 


|log(l+f)-l (45) 


Since = 0. Case 11 above applies. Now x* ~s - k satisfies Eq. 
(3^) since 0<k<s, Also it follows from Eq. (40) that Eq. 
(41) is true for this choice of v*. Hence the hypothesis of 
Proposition 1 is satisfied. Finally Eqs. (23), (27), (38), (45), 
and Propi>sition 1 show that Jj(s,p) is given by Eq, (43) with 

0 = (p + w) exp|4 log |l + 4 j I j * w. (4(i) 

We can now conclude from Eqs. ( 10), (24), (43), (44) and (46) 
the following upper bound on Cf,^(s^p): 

Cy(s. p) |l log n + 1 j)(P + '») log (P + «) 

(o + n)log(o + «), (47) 


where a is given by Eq. (! 1). That is, we have established that 
file expression Eq. (12) in the theorem is an upper bound on 
Cp(s,p) and hence, also an upper bound on C\s,p), This 
completes Step (1). 

Let us now carry out Step (2). In his derivation (Ref. 6) 
of tlie peak power constrained channel capacity, Kabanov 
constructed a sequence of signal processes (S^(r)} and asso- 
ciated signal intensity rate puKCSS satisfying Uie 

peak power constraint, so that for each 7\ (\IT) 

Nj^) converges to the upper bound on channel capacity 
as m -► ». Our derivation above in Step (1 ) of the upper bound 
on the peak and average power constrained capacity differs 
considerably from Kabanov’s work (Ref. 6). In the sequel, 
however, we shall show that Kabanov’s construction can still 
be used to attain our upper bound. 

Kabanov’s construction applied here is as follows. Denote 
1 ^ ( ) as the indicator function of the set A . For each integer 
m > 1, define a (0, 1 \- valued left-continuous stochastic pro- 
cess {.S^(r) : t >0}by 

=(y)'(y) I' - 

(y) ' (y) 

for / > 0 where •^,„(0) has distribution 


• II- '-'’(•U J l‘'«' 


and where o is given by Eq. (11). Here (Af(f )} is a regular point 
process (Ref. with intensity rate process 






)> 


) = 0 






In other words, (5^(f)} takes on values 0 or 1 and switches 
between 0 and I at random times according to the occurrence 
times of the point prtKCss (Af(^)}- The instantaneous average 
rate at which these point occurrences arrive at a given time t 
depends on the immediate past value of 5^(/), being of rate m 


sa 


when S^it )-0 and rate w(l - a/a) when S^{t )=1. 
Finally, set 


= p|5^(/)| = (51) 

It can he seen from Fqs. (48) and (51) that in the Kabanov 
signalling scheme Xj"*^(f) is a random telegraph wave type 
process. A typical sample path of this process is shown in 
Fig. 2 in (he case when a - olp « 1 (for liigh peak-to-average 
signal power ratios). When a « 1 it can be seen from the rate 
process Kf) given by Cq. (50) that S^{t) stays in the 0-state a 
larger percentage of time than in the 1 -state. This results in a 
typical shown in Fig, 2. 

It is dear that 0<X^Hf)</>. Kabanov (Ref. 6) has 
shown that A (*5^(f)) =a. An elaboration of his derivation is 
given in Appendix C for completeness. Since /i'(*S*^(/)] =a, 
then from Fqs. (4^) and (51) we have 

A|X^"V)J = 0. (52) 

SO from Fqs. (11) and (52) we can conclude that 
T 

/•■|Xj'"V)l <// = o<i. (53) 



Finally, il is clear from Fq. (51) that X<^* = {X<"''(/) : 
0^(<^T\ is a deterministic function of = {•^,„(0 : 
0<r<7'lfor each r>0, So(t5,„(r)K e 

for each integer m> \ . Thus we conclude from Fq. (7) that 
for each T > 0 and each m > 1 , 


IV. Signal Bandwidth and Coded PPM 

Consider the sequence of signal intensity rate processes 
{Xj"*>(/)} given by Fq. (51) used in the pievious section to 
attain channel capacity. The bandwidth of this process can be 
taken to represent the optical signalling bandwidth of the 
channel. In order to examine the bandwidth of the {XJ'">(/)} 
process, consider 

A\(r. r) = Cov (XfV), Xf >(r)). (56) 

Appendix F shows that 


A^(r, t) = - r) 


pa 



■m pio 


)lr- tI_ 


(57) 


Thus the power spectral density of this process is 



(58) 


So the bandwidth B of the {Xj'”^(/)} process and hence also 
the optical signalling bandwidth can be taken to be 




(59) 


We see from Fqs. (55) and (59) that in order to approach 
capacity with this sequence of signal processes (X^"* Hr)} given 
by Fqs. (48) and (51), the optical signalling bandwidth B has 
to tend to infinity. Hence C\s,p) given by Fq. (12) is the 
channel capacity without bandwidth constraint. 


C\(s,p)> Y (54) 

Next, a minor modification of Kabanov's proof (Ref. 6) is 
given in Appendix D to show that for each T> 0, 

lim y / = (l j\n log « ^ 

log (/> ^“ n) - (o + n) log (a + n) . (55) 

Sint'e CXSypXCf,(s,p), Fqs. (8), (47) and (55) show that 
C\ 5 ,p)-Cy(s,p) is given by Fq, (12), thus completing 
Step (2) and establishing the theorem. 


Let us examine the amount of bandwidth of {Xj"*l(f)} 
required for the average mutual information (l/T)/(5^.;>; N^) 
to approach channel capacity C(s, p). it follows from Fqs, ( 1 2), 
(D-2),(D-7) and(D-13)that forO<e< I and any T>0, 

C\s,p)~ = eC(s,/7) (60) 

implies that the bandwidth B of {Xj^Hf )1 satisfies 



where A is given by Fq.(D-6). Consider a case where n = 0, 
10"^ photons per second, s= 10^ photons per second so 
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that C{s,p)= 6.9 X 10"^ nats per second. Then Eq. (61) of the optimally coded PRvl channel. Then it is easy to show 
becomes (Ref. II) that 


^ X 10*® 

■ — Hz 


(62) 


For c = O.K we require B> 2X 10*^ Hz and for e = O.OK we 
require B> 2X 10*"* Hz. 


^PPM ~ ^ ~ nats/sec 


/ 1 - 

= I — j . — I log iW nats/sec. 


We now show that for the no background noise case 
(/I = 0), using coded PPM to achieve capacity is much more 
bandwidth-effjcjent than the signalling given by Eqs. (48) and 
(51). Consider a A/-ary PPM modulation scheme shown in 
Fig. 1 with signal duration T, pulse duration TjM and peak 
power p. The M possible signal intensity rate functions 

Xji (f) as in Fig. 1 . The average power of 

this signal set is 


5 



(63) 


From Eqs. (64) and (67) we see that 

^PPM _ 1 - ^ , 

~~c ~ " ~Tr~ ^ ' 


and that 


lim 

7-0 


r 

^ PPM 

c 


^ 1 . 


(67) 


( 68 ) 


We shall assume that M> 3. For peak power constraint^ and 
average power constraint J given by Eq. (63), Corollary' 1 gives 
the channel capacity as 

C = s log Af nats/sec. (64) 

Let us determine the capacity of a system that uses the PPM 
modulation desenbed in Fig. 1 along with the coding. Since 
ii = 0, the demodulator then decides that the mth signal was 
transmitted if a photrwlectron is emitted in the mth time sivit 
in (0, r|, and declares an error if no phottxilectrons are 
emitted in the entire interval [0, r| . Since the Poisson process 
has independent increments, one use of the optical direct- 
detection channel with nuxlulator and demodulator is equiva- 
lent to one use of the DMC with input alphabet {1, 2, . . . , A/}, 
output alphabet {1,2 MJ2] and transition probabilities 


Hence this optimally coded PPM system is capable of achieving 
channel capacity C in the limit as 0. This also entails 
increasing the signalling bandwidth to infinity because the 
bandwidtti Bppj^^ of the PPM sigtial set can be taken to be 


B - — (69) 

^PPM 7" \ s / r ■ ' 


Note from Eqs. ( 68 ) and ( 69 ) that for any 0<e < 1, 


C- C = e C 

^PPM ^ 


(70) 


implies that the bandwidth Bppj^j satisfies 


I - c\p(-plBpp^j) 

1 = e . 


^^^PPM^ 


(71) 



1 

1 - ;i ,/ = k 

1 



fM\k) = J 

1 

rj ,/ = t:. 1 <k<M 

1 

(65) 


1 

0 , otherwise 


where 


T} = 

(66) 


is the probability of having no photoelectrons emitted in the 
time interval |0, T\. If we optimally axle this DMC, then the 
capacity of the above axled PPM channel is just the capacity 
of the DMC given by Eq. (65). Let Cppj^f denote (he capacity 


For small (p/Bppj^^), Eq. (71) is approximately 


Fore = 0.01 we would require ^ 5 X 10® Hz when 
p = 10*^ photons/scc. This can be compared to the bandwidth 
B > 2 X 10*^ Hz required by the signalling scheme given by 
Eqs. (48) and (51) to achieve the same rate. A comparison of 
Eqs. (72) and (6l) shows the relative bandwidth advantage of 
coded PPM versus the signalling scheme given by Eqs. (48) and 
(51). This is because B increases at least inversely with while 
^PPM increases only inversely with 6, where e is the desired 
proximity to channel capacity. These results apply to the case 
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where plBpp^^ is small. For large values of plBppj^ even less 
bandwidth is required for PPM modulation to approach 
capacity. 


V. Conclusion 

We have derived the capacity of a free-space optical channel 
using a direct detection receiver under both peak and average 
signal power constraints and without a signal bandwidth con- 
straint. This result is a generalization of Kabanov’s work 
(Ref. 6), where only a peak power constraint was imposed. In 
the absence of received background noise» an optimally coded 
PPM system was shown to achieve channel capacity in the 
limit as signal bandwidth approaches infinity. All of these 
results did not consider the effect of a signal bandwidth 
constraint. It would be interesting to derive the channel capa- 
city under a fixed bandwidth constraint also. 

Recent work (Kef, 3) has advocated considering the chan- 
nel capacity per received signal photon. In the no background 


noise case {n = C) it can be seen from Eq. (13) that 


— - log nats/photon (73) 


in the capacity per unit signal photon. It can be easily seen 
from Eqs. (14) and (73) that for a fixed peak signal power 
constraint ,5, the capacity per unit signal photon increases to 
infinity as the average signal power constraint s approaches 
zero. However, as s-^O, the throughput channel capacity 
C\s,p)-*0. Thus it does not appear meaningful to consider 
capacity per signal photon without fixing the throughput 
channel capacity. The expression Eq, (12) for Qs,p) can be 
used in this regard to determine the average signal capacity per 
unit signal photon for a fixed throughput capacity. This is 
another problem of interest that has been addressed by 
Butman, Katz and Lesh (Ref. 20) in the no background noise 
case. 
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Appendix A 
Derivation of Eq. (19) 


Let be the sample function density (Ket. 1) of the 

compound regular point process (MO- 0<r<77 and 
p(Nj^\Sf ) be the conditional sample function density of 
{yV(/) ; 0</<r} given the message signal process {5(/) . 
0 < f < T}. Then from Kef. 9 (Theorems 2 and 4) we have ' 



(A4) 


p{N^\S^) ^ exp 



+ n)dt 


where ® is because 


p{.\ ) = exp 


J log(A,(/) + n)J/V(/)j . (A !) 
1^- J" (A^(r) + «)t/r 


/' 

•'0 


log(A (/) + Fi)J/VU) 


ij . (A-2» 


Now since 


^ r p(A' 15 n 


(A-3) 


we have from Fqs. ( A-l ) and (A-2) that 


/(5^.;/V^) i\U)-\U)idt 


The mtegrah with reiprct to .VtO tn tqs (A l» And (A*2iand hence* 
lorih m the remainder ot this paper ts interpreted m the Ito 
(Rets 9. tO). 


Next, since 


/V(/) 



(A^(t) + n)jT 


IS a martingale (Ref. 14. (3.20)), then from a theorem on 
stochastic integrals (Ref. I.‘>, p. 437), the second expectation 
in Eq. (A4) is /.cro. Hence Eq. (A4) can be rewritten as 





(/■-■|(A^(/ ) + «) log (A^(r ) + «)| 


- A’{(Aj(/) + n) log(‘Aj(H + n)| ( Jt 




I 


r 


{/•.(( A^(l) + n) log (A^(f)+n)l 


+ h) log (\(/) + «)| } dt. ( A-S) 

which establishes Eq. M 9). InEq. (A-S)® is because 
^'j(A^(/) + rt)log(Aj(/)+ n)| 


= A(/:|(A^(f) + n) log('Aj|/) + «).'V,| I 
= /:‘|/: |(Aj(/) ♦ rt)l \,| log (A^(r ) + «)| 

= F'ltA^lf) f M)|og(A^(/) + M)|. l A-6) 

The above derivation is formal and not rigorous We have 
assumed interchanges of integration and expectation without 
rigorous justifications. A ngorous derivation of Eq. ( 19) can be 
found in Ref. 12. 



Appendix B 
Proof of Proposition 2 


A) be the set of all random variable's A such that U ^ A and /: [A] = k wlwre 0^k<p. Then 
sup ((A ^ n) log (A + h)\ - [/*;(A + «)j log (A;(A + /i)) |yj/:’lA) 

- sup < sup A. ((A log ( \ + «)1 “ (A + M) log(A: ► w) + >. (B-1) 

0 ^ k fy( k) ' ' ; 

Note from ri«? B-1 that if 0 < A then the possible values of f,'|(A + n) log ( A + Ft)\ muc he in the set of all v coordinates of 
the closed convex hull of the graph of y = {x + ;i) log (.t + for 0 ^ x <p. Hence the largest possible values lie on the cord AB. 
These values can be achieved using a random variable A with the following distribution 

/^A =■- p) = 1 - /1A = OH = a (B-2) 

where at (0, 1 1 must be chosen so that /* | \| ~ k in order for \ lo be in »/?(p, k). In order for /: |Al = A, wc must have 

a ’ kip. <B-3) 


Hence 


sup A (( A + rn log (A t «)] = 4-)(p + «) h)g(p + Ti) + (l log/i. 


(B41 


k ) 


whore the A achieving the supfcimim is given by tqs tB-2) and (B-3) Hence the optimization problem in tq. (B-l i can he written 
as 


sup 

0 K p 


(B-5) 


where is given b> 


i({k) F:) logtp + zl) -f |l *4 |zl log zi {k f zl) log(A ^ zri 


(B-M 


Since IS cone ise in k. the supremum <n hq tB-5l is achieved b> a A t jO.pl such that g\k) = 0. provided that such a k exists. 
Setting - Ogets 


k 


(p + z'Oexp 




zl . 


(B-71 


It toihrws immediately frmn Iq ( IM since p 0 that k < p in bq (B-7) Since b> hypothesis of the proptwitioru ik > 0, we can 
cimclude that k given by kq tB-7| achieves the supremum in kq. <B 5). This establishes the proposroon 


Also note from kq. (B-M that when p = 0,.e<0) = 0 and >r'(0» > 0. This means that when p = 0, the solution k Utg ik) = 0 must 
he nonnegative So when p - 0 the k given by kq. tB-7> is nonnegaiive. 
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B>1. G#pmt(rv optimiiillon 


I n I "I I ' ^ 


Appendix C 
Proof that £[S;„(f )] = a 


Since M(t) is nonnegative ineger-valuid. (-1)^^') = 
COS (n So Eq. (48| can be rewritten as 

= (y)+ - y]cos(ffM(f)). (C-l) 




5,(0)+ [\-2SJu)\ lml{„/.S>)) 

Jq 


for / > 0. So for each (, is a function of M(/) and hence 
we may use the Stochastic Differemial Rule (e.g., Ref. ’0, 
Theorem 4.2.2) to obtain 



(5 (0))- 4"^ros (tt A/( r) + 


--“jcos(7rM(/))|| 




JM(t ) 



2S^(u)] [dM{u)- iiu)du] 


= 5' (0) + 

m ' ' 



(a - S^(u))du 


f 




|< ’»(«) - , (C-3) 


® 

_ |1 - 2 Mf(f) 


where ® follow since 5,(t) is either 0 or 1. Now it follows 
from tq. (4‘)) that £(5,(0)| = a. Next, since 


= (1 - 25,(/)l iHOut 


+ '■ jf ■)] imo- 


'■z) 








isjr))\ 


(it 


MU)- 



v{u) du 


is a martinga.e (Ref. 14, (3.20)), it follows that the expected 
value of the last integral in Eq. (C-3) iz zero (Ref. 15, p. 437). 
So, taking expected values in Eq. (C-3) gets 


= a + ma' 



[a h[SJu)]\du, (C4) 


^ (riAf(/)- v{t)dt\, (C .2) unique solution of this initial value problem Eq. (C4) 

is 

where ® js obtained uMng Eq. (C-l) and ® is because of 

Eq. (50). Rewriting Eq. (C-2) in integral form gets £ {5^(/)l = a. (C-5) 
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Appendix D 
Derivation of Eq. (55) 


Note that since = 0 or 1, it follows from hq.(C-S) 
that l) = Of. So from Hqs. (49) and (51) it follows 

that 


/* 1(X^"*\/) + «) iog (Xj"*\f) + «)1 


^j(/> + /l)log {p H «) + 


So from hqs. (19) and (D*l ), 




(l)-ll 


/ (.V ; ,V^.) |l - log ft + «) IP ^ '*’> 


+ (O + ») log ((F + f7) 



f;iKV,^(r) ■ aWdt 

oc'V'-dt. 


(l)-7) 


Here ® is from Jensen’s inequality and ® is because 


yf no): dr (D-2) 

•'n 


where 


and 


/(.v) = ( V il) log (A’ ^ «), 

= /• |X<"'Vr)|A'^) 

= p/- |*v„u)|.v I 

A ^ 

■ pS (t) . 

Now It can be easil\ shown that for 0 »» .v < />. 

|/(.vi /((i)|</l|.e <i|. 

where 

/(O) 


(D-3) 


, /(<») 

A = max I ~ - , 

I P 0 


/( O) /((!) [ 

(. I j ’ 


(D-4) 


(D-5) 


(IVt,) 


sma' 0^ 0 ^p. So from Hqs. (D-4' (D 5) and (49), we have 
* r 


f 

•'ll 


/(«)(<// 


= /'IV,, (/)| = « 


from hq (C-5). The remainder of the derivation now follows 
Kabanov's proof exactly to show that /*'|S,„(/))M 
verges to zero as w uniformly iiW. SfX'cifically, from 
Fq. (C-3) and (Ref. 1(\ Fq, 1 (>a) we can write 


i/S (f) = nia * (a S {r))Jr 

w' ' m' 


psjr)^ft 

• IdN(f) (pSJt) + fi)d/l 
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= mor ’ (a S (f)M/r 
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pS [t){\ S (/)) 

^ ' m m 

P^,„U) + H 


• [dNU) - (P , (D-8) 


«8 


where ® is because S„,(0 = Next, using the Stochastic Define 

Differential Rule (Ref. 10, Theorem 4.2.2), wc obtain 




2ma ' SU)(a-SU)) 




Jl 


P^^U) * ri 

‘ |jfVU) (D-^) 

Now using the martingale pr.»pcny of 


XU) 


f\r.K 

•'O 


Ui)'^ n)du 


as in hqs. ( A4I, ( A*5) and in (C4K we can take the expected 
value of the integral of I q to tdMain 


/•|(>V„,(/1) 


r 1 = a* + 2mo ' f \<\^ f \ 

•'0 
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Ml * 
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(D41) 


Now since (*V„,(0))^ = =a*. the unique solu- 

tion to the initial value problem Eq. (D-10) is 


^ 2ma ’l I (g(n) + 2 

•/n 


>r/a) 




(D-12) 


Since from Kq. (Dll). 0<g(MXo. we have from 
hq. (D-12) iliat 

F|(.? (r))M a-' 


<V-^(1 <• 

2j)in 


2 /rip 


(D-13) 


(D IO) Therefore Eqs. (D-2), (D-7) and (D-l 3) establish Hq.(55). 



Appendix E 
Derivation of Eq. (57) 


It follows from Eqs. (51) and (C-5) that 

{/•;(5^(/)5^(r)| - (E-|) 

Since P(S^^(t)- 1) = a from Eq. (C-5), it follows that for f > r, 

= o/-;|.7^(r)|5^(T} = I). (H-2) 

Then we may write, using Fq (('-3), for / > r 


because 



(I “ 2 5 (w))[tf4f(M - Km)Jm)| 5 (r) - 1 

m m 

(I - 2 5^(M))(i/(.4f(M) 


where ® follows since 
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= 0 , 


(E-5) 


5 (/) 
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(r) + rrc\ 



(a - Sju))du 


|ylf(5) - Af{T) ~ fiu: s > r| 


•f 



(l-25^(,.)) 


\dM{u) - i^(m) t/w) . 


(E-3) 


u a martingale given that 5^(r) = 1. 

Since /: |5,„(r)|5,^,(r) = 1) = I, the solution of the initial 
value problem Eq. (E4) can be shown to be 


Hence for r > r, 

PlSjniSj 1=1) -d (F-6) 




= II 


when t > T. Thus Eqs. (E-l ). (E-2) and (E-6) gets 


= 1 +Wtt' 



(a A(.V Ju)| 5 ^(r) 


1 1 ) </» . 
(E-4> 


K^(t,r) = /> ’ 0(1 o)f ' (f-T) - 


for t > T. Since A\(/. r) = A\(t-, /) and since o ■= o>. Eq. (57) 
follows from Eq. (E-7). 
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When high preciuon is required for range measurement on Earth-space paths, it is 
necessary to correct as accurately as possible for excess range delays due to the dry air, 
water vapor, and liquid water content of the atmosphere. Calculations based on repre- 
sentative values of atmospheric parameters are useful for illustrating the order of magni- 
tude of the expected delays Range delay, time delay, and phase delay are amply and 
directly related. Doppler frequency variations or noise ate proportional to the time rate 
(d change of excess range delay. 


I. Introduction 

Increasingly sophisticated deep-spacc missions place high 
requirements upon the precision of time delay and Doppler 
frequency measurements. The interplanetary plasma is one of 
the factors limiting the precision of such measurements. The 
excess time and range delays due to the plasma are propor- 
tional to total electron content along the path and inversely 
proportional to frequency squared. Doppler frequency varia- 
tions are generated by the plasma in direct proportion to the 
rate of change of total electron content and in inverse relation 
with frequency. Wtien unwanted, as i often the case, such 
variations are commonly referred to as Doppler frequency 
noise. In deep-space missions conducted by the Jet Propulsion 
Laboratory, range has been determined by usin^, coded two- 
way transmissions at S-band for the uplink and S-band and 
X-band for the downlink. Because of the need for increased 
precision in range and Doppler frequency measurement, it is 
planned to demonstrate the *'apabii:ty of the higher frequency 


X-band for both the uplink and downlink, retaining S band up- 
and downlinks as well. K-band links may be utilized at a later 
date. High precision is needed for range measurements when 
using very long baseline interferometry (VLBI) techniques, 
and nigh precision and sensitivity for Doppler frequency mea- 
surements are required if gravitational waves aiC to be re- 
corded (Refs. 1 and 2). 

When high precision is needed for range and Doppler 
frequency measurements, it becomes necessary to consider 
effects due to the gaseous and liquid water content of the 
troposphere as well as effects due to toe interplanetary plasma 
and ionosphere. The tropospheric effects may dominate if the 
interplanetarv plasma Doppler noise is reduced by adding 
X-band uplink capability (Ref. 3). The purpose of this report 
is to analyze the tropospheric effects as part of an overall 
consideration of the capability of precision two-way ranging 
and Doppler systems. 
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The term precisi()n is used here in distinction from 
accuracy. The state of knowledge concerning the velocity of 
liglu limits the absolute accuracy of range tneasurements, but 
it is possible to overcome propagation effects and hardware 
limitations sufficiently to obtain higli precision and a higli 
degree of consistency. 


where is the pressure of dry nonpolar air in millibars (mb). 
e IS water vapor pressure in mb. and 7' is absolute temperature 
in kelvins (Ref. 4). N is seen to vary inversely with tempera- 
ture and to be strongly dependent on water vapor pressure 
which equals the satuiation watei vapor pressure limes the 
relative humidity, RH. The saturation water vapor pressure 
is a function of temperature as shown in Table 1 . 


II. Excess Range Delay Due to Dry Air and 
Water Vapor 

A. Refractivity of Troposphere 

Range to a target is commonly determined by radar tech- 
niques by assuming that electromagnetic waves propagate with 
the velocity c (2 9^792458 X 10® m/s or approximately 3 X 
10® m/s). A velocity of c corresponds to an index ot refraction 
ol unity. In the troposphere, however, the index c»f refraction 
n IS shgluly greater than unity with the lesalt that the phase 
velocity of an electromagnetic wave is slightly less than c. A 
range error then results if the velocity c is assumed. The sliglit 
error in range is unimportant in many applications, but may be 
important in other situations. In practice, when higli piccision 
in range is desired, it is anticipated that the range indicated b> 
using the velocity c is greater than the true range, and an effoii 
is made to estimate as closely as possible the excess range 
delay IR (the amount by which the indicated range exceeds 
the true range) in order to correct for it. 

To consider the excess range delay, which can be referred 
to also as excess group delay, note that the integral jn dl 
evaluated along a path, with n representing the index of 
refraction and dl an increment of length, gives the true dis- 
tance along the pi’li if «= 1. but gives a value which is 
different from the true distance if « ^ 1 (By defmition, the 
index of refraction n of a particular wave type in a giver 
medium is the ratio of c to the phase velocity of the wave 
in the medium.^ The difference between the true and 
indicated distances is given by 


^R - fin l)d/ (1) 


The index of refraction of the tn'posphcrc is only sligluly 
gicater than 1 and for this reas»>n the usual practice is to use .V 
units, defined by /V = (w 1)10* and commonly referred to as 
refractivity. The refractivity of the troposphere is given by 


If Hquation (2) is expressex.. in terms of total prcssuic p, 
where p-p^i'^ t*. it becomes 


_ 11. hp 

T 


5.6 e 

r 


+ 


3.75 X 10^ e 

r' 


(3) 


The luot two terms can be combined to give, approximately. 


.V 


11. bp ^ 3.73 X 10^ (■ 


( 4 ) 


Tlie form is widely used and gives values for A' that arc 
accurate within 0.5 percent for the ranges of atmospheric 
parameters normally encountered and for frequencies below 
30 GHz (R^f. 6). If one wishes to consider separately the 
effects of dry air and water vapor, however, with .V = 
where A^ refers to dry air and A^^, to water vapor, Kq. (2) 
sluiuld be used with 


/V. - 


11. bp^ 

T 


and 


A 


w 



3.75 X 10^ f 


(5) 


((>) 


B. Exc«m Range May OtM to Dry Air 

We co.isidcr first the magnitude of ARj. the excess range 
due to dry air, for a zenith path. For this purpose, SI units will 
be used with p^ in newtons/incter^ (N/m^i rather than mb 
Tlien y j- O'/lb pJT and, by using F,q. (A-3) of the 
Appendix, p^/T is replaced by RplM so that 


,V ^ 




3. /5 y m 


(2) 


, 0 . 776 ^ 

M 


(7) 
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where R is the gas constant, 8 3143 X 10^ J/(K kg mol) with J 
standing for joules. M is the molecular weiglit in kg mol and is 
taken as 28 8 corresponding to an atmosphere that is 80 
[percent molecular nitrogen and 20 percent molecular oxygen. 
The density p in Hq. (7) is in kg,/nv\ excess range 

dela> due to dry air, can he calculated for a zenith path in 
terms of AV, hv 

W J pdh ( 8 ) 

The surface pressure is related to density p by 



wheie X IS the accelciation of gravity and has the value of 
0.8 in/s‘ at the Earth’s surface. The resulting approximate 
expression for ^Rjs using this surface value of,e. is 


C. ExcessRangeDelay Due to Water Vapor 

The delay caused by water vapor is considerably smaller 
than that for dry air, but total water vapor content along a 
pat' is variable and not predictable with high accuracy from 
the surface water vapor pressure. Therefore, water vapor is 
responsible for a larger error on unceTtainty in range than dry 
air. can be expressed in terms oi water vapor density p 
rather than water vapor pressure c by using 



as derived m the .Appendix, with p in g/m^ and e in mb. A'^ 
then takes the form 


from which 




C8 S)(^.8H10'’) 




so that 


= : :‘) x 10 Ill 


OOa) 


SR 


W 


10 



ill = 3,32,1 X 10 


+ I 731 X 10 



(13) 


with p^^ in N/nr and 

^ 2 2^) X 10 ’/ij,.!!! (10b) 

with in mb. I he piessuie is the surface pressure of dry 
air and equals total pressure p minus watei vapor pressure c. 
Note that the lemivratuie /' drops out and the result dejxmds 
on surface pressure p^^ onl> . If p^^ - 1000 mb. SR^^ - 2.2^) m. 
Hopfield (Ref. 7) has examined the applicability of this re- 
lation and, using 2.2757 as the ;oefficient corresponding to 
the value of at about h km above sea level, has concluded 
that it allows detcinunation of tlic range error due to dry ai*^ 
»»n a zenith path \o an accuracy of 0.2 percent or about 
0,5 cm. Her form for l^q. ( 10) is 

A 2.2757 X (10c) 

With in mb. 


Sometimes the first term of Eqs. ( 12) and ( 1 3) is noi used, but 
for highest accuracy it should he retained. For example, if 
1.731 X 10^’ IS divided by a temperature near 280 K. then the 
first term amounts to about 5 percent of the total delay. The 
value of the integral of Eq. (13) can he determined from 
radiosonde data, assuming tfiat p and T vaiy only witli heigfu 
above the surface and not horizontally to a significant degree 
within the limits of tlie pa:h. 

Microwave ludiometry has the advantage of being able to 
provide continuous real-time eslimatnm of by use of 

remote sensing t*' hniques. The basic relation utilized for 
microwave radiomctry applies to the bngluness temporal are 
that is observed, *> iien a source at a lempcrature of is 
viewed through an absorbing medium havmg a variable tem- 
perature T. IS given by (Ref. 8) 


/'^ X / T{h)a(h)e^^ dh {U) 

•'o 
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with 


process. For Denver* Colorado* the particular relation obtained 
is 


and 


/■ 


7^ = I ot(h)dh 
'o 


= -0.18 + 0.11 r - 0.053 r 


M, = -0.017 - O.OOl r + 0.0027 T 

L t>- 


T - f (k{h)Jh 

•'0 

where a{h) is the attenuation constant that is a function nt 
height h. Tlic expression for takes a simpler form when T is 
constant (>r when an effective value T can he employed. In 
that case 

= Tv ' + 7 ; II - e' M (15) 


The relative sensitivities to water vapor and liquid water are 
shown by the relative magnitudes of and for water vapor 
and and for liquid water. The coefficients and 
take account of oxygen and cosmic noise. 

For range delay due to water vapor, however, the integral 
fp/T(Jh makes a larger contribution than Jp dh = M For 
determining fp/T dh, using two frequencies similar to those 
mentioned above, and therefore, utilizing two equations 
having the form of Fq (14), leacs to (Ref. 1 1 ) 


which form is used for remote sensing of attenuation due to 
precipitation. The source temperature represents cosmic 
noise in the case considered here and has a small value. 
Therefore, attention is directed primarily to the second term 
of Hq. (14). The attenuation constant a{h) is due to thiee 
forms of matter water vapor, the liquid water of clouds, and 
o.xygen. To obtain information on water vapor, for example, it 
is necessary to separate out the effects of liquid water and 
oxygen The separation can be accomplished by making 
observations at 2 or more freqi.. ncies. 







W{h)j:dh + T^ (18) 


here 


Wih) 




(1^) 


('onsider first the problem of obtaining the total water 
vapor and liquid water content along a tropospheric zenith 
path, hor this purpose, one can use a pair of frequencies such 
as 20.O GHz and .M.(> GHz, the first near the peak of and thus 
sensitive to water vapor absorption and the second more 
sensitive to liquid water than to water vapor. Taking this 
approach, and , tlie total vapor and liquid contents in 
g/cm‘ , can be obtained from (Refs. and 10) 


and 



The total attenuation a is the sum of tiuee cont.ibutions so 
that 


W, 




(Hi) 




( 21 ) 


and 

M, =^, 7-,,^ (17) 

where Tf^^ is tlie briglitness temperature at the lower fre- 
quency and IS the briglitness teni,4?raturc at the higlicr 
frequency. The a\ and are determined by a process of 
statistical inversion Simultaneous radiosonde data and read- 
ings of brightness temperature are utilized to carry out this 


where ay is the attenuation constant associated with water 
vapor, a^ is that associated with liquid water* and is 
associated with oxygen. By assuming that a^ for clouds vanes 
as /ptt; has been eliminated and the factors of and / j 
appear in the denominators as shown. and represent 
values of the first term of Fq. (14) and, being small, aie 
treated as constants. By suitable choice of frequencies and 
other refinements, W{h) is made to assume an essentially 
constant known value so that /*p//’ J/i can be determined. 
Pairs of frequencies that have been found to be satisfact* are 
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2QJ and 31.4 GH/, 20.0 and 26.5 GH/. and 24.5 and 10 deg or greatoi, the range delay equals the /xniith value 
31.4 GM/ (Ref. 1 1 ). divided by sin 6. That is, 


The development and testing of water vapv>r radiometers 
has received considerable attention at the Jet Propulsion 
Laborattny (Refs. 11 througli 15). One of the systems deveh 
oped utilized 18.5 and 22.235 GHz as the t'requer;cy pair, this 
combination having the advantage of using the same si/e of 
waveguide for both frequencies (Ref 14). It was concluded 
later, however, that the 20.3 and 31.4 GHz pair provided 
belter performance. 

ProHles of tropospheric temperature can also bo tiblained 
by microwave radiometry utilizing three frequencies near the 
bO*GHz oxygen absorption peak and one frequency each near 
20 GHz and 30 GHz to separate out water vapor and liquid 
Water effects (Ref, 10). Oxygen is a maior constituent of and 
occurs as an essentially fixed fraction oi the tropospheric 
composition, and the temperature of oxygen at a given height 
is thus the tem|X'rature of the troposphere at that height. The 
frequencies utilized allow a coarse determination of the water 
vapor profile as well, but the use of several frequencies near 
the peak of a strong water vapor absorption line such as that at 
i83 GHz IS stated to be necessarv to provide accurate profiles 
of watei vapor content (Ref 10) 

D. Illustrative Calculated and Measured Values of 
Excess Delay Due to Water Vapor 

The preci.se value of in a particular situation depends 
on the water vapor and tenqx'rature piofiles, but an indication 
of the magnitude of can be obtained by assuming an 
exponential decrease of with a scale height // of 2 km, a 
water vapor densitv p at the surface of 7,5 and a 

temperature of 281 .65 K (that for a standard atmosphere at an 
altitude of 1 km) It is of interest that the value obtained for 
A/? in this wav is the same as if A’ were constant up to the 
height // and zero beyond The values of 7.5 g/nr and 2 km 
are meniumed as being representative values in CTIR Report 
7HJ (kef 16). The values p arvi T at the suiface result in 
•^allies of c and A^ of 748 mb and 48.5^, respectively Then, 
for a zenith path. 


SR 


U' 


10 


/■ 


48.57 


h/20OC 


sin 0 


(23) 


For an elcvatioi angle of 30 deg, for example, SR^, might be 
about 20 cm. 

An extreme value of 44.8 cm for SR^^ for a zenith path 
could occ>’' for the higlicst accepted weather observatory 
values for e and p of 53.2 mb and 37.6 g/m^, respectively, at 
the temperature of 34 (Ref 17). These values were recorded 
at Shariah, Saudi Arabia, on the Persian Gulf The value of 
SR^ of 44 8 cm is based on an expimential decrease of A’^. 
with a scale hoiglit of 2 km as in the previous example. 

Mean zenith values o[ SR^^ determined from radiosonde 
measurements in a semiarid location in Calitomia ranged from 
4 to l6cm (Ref 18). With resi>ecl to the accuracy to which 
SR^^ can be determined, Wu (Ref II) stated that the calibra- 
tion for water vapor delay, using a water vapor radiometer, is 
accurate to v 2 cm at all elevation angles greater than 15 deg. 
vSlohm and Batelaan (Ref 15) state that the rms error \n SR , 

iV 

as determined by a water vapor radiometer, was less than 1 cm 
over a total delay range of ^ to 38 cm at a 30 deg elevation 
angle. 


E. TimeD^lay 

Range delay and time delay arc directly related. If one 
prefers to think in terms of time delay S( or wishes to 
determine numerical values of time delay corresponding to 
values of range delay, use 


St 


SR 


(24) 


for one-way paths. For monostatic radar modes of operation 
for which electromagnetic waves twice traverse the distance 
from tiie original transmitter to the target or repealer. 


- 10 N48 57)12000) = 0.0^72 rn 



c 


(25) 


= ^.72 cm (22) 

The exv'ess range due to water vapor for a zenith path may 
thus be about 10 cm. For paths at elevation angle 6 of about 


A range delay of 10 cm for water vapin on a one-way path 
corresponds to a time delay of 0.332 <s. The extreme range 
delay on a one way zenith patli of 44.8 cm is equivalent to a 
lime delay of 1,5 ns. 
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III. Excess Range Delay Due to Liquid Water 

A. Effective Index of Refraction of Medium 

The liquid water con leu I of the troposi'^'ere can also make 
a contribution to range delay. To distinguish the range delays 
due ti) water vapor and liquid water, we shall henceforth use 
for the delay due to water vapor and A/?, for the 
contribution due to liquid water. To determine A/i, due to 
the small droplets o clouds, one can make use of the fact that 
a unali spher*cal particle in llie presence of a sinusoidally 
timC'Varying electric field acts as a tmy antenna having an 
electric dipole moment . By application of Laplace's equa- 
tion (Ref. 1^), pp. 218 to 224, for example), it can be shown 
that, when the drop diamelei is small compared to wavelength, 
Pj IS given by 


As fi has already been used iri Section III for the iiidex of 
refraction of water, however, we will use m for the index of 
refraction of the medium. Index of refraction squaied equals 
relative dielectric constant. Thus 

ffC = K (JO) 

Then as, in general. ( 1 + a)*''* = ! + r, _ •nr a « I and in this 
case X is much less than i. 

Ml = 1 + 4 (Jl) 

By comparison of Lqs. (27) and (28), 





where L is the voi mic of the spherical particle and n is m>w 
(he index of rcfracti^m of the particle, in the case of interest 
here the index of refraction of water. The quantity is the 
electric pcrmiuivity of empty space (8,854 X 10 F/m)and 
Fy IS ilic electric field intensity of the incident wave in V/m. 
In a legion containing .V such particles per unit volume 



where R is the electrw dqHiIe moment or electric polan/ation 
per unit u>Iume (consider: ig only the effect of the spherical 
water particles and neglecting all other possible contributions 
to P) The basic relations, by definition, between D (electric 
tlux densits ), and P for an isotropic medium arc that 

/) - c^n + x)/ " (-H) 

where K is the ref*’ e dielectric constant and \ is eleclnc 
susceptibilits The relative dielectric constant K (commonly 
designated b\ t^) is equal to f where ^ is the electric 

pcrnnUi\U\ of the medium. /) and P have units of C/m* F rom 
l:q. (28). 

K = I M {2^) 

In the ;ase ctmsidercd here, A is an effective relative divlectric 
constant oi a n.edmm consisting of small spherical water 
droplets in empty space 

The excess range delay in the medium is propintional to the 
index of refraction of the medium minus unity as in Kq. ( I ). 


Tlie relation comparable to fcq. ( I ) for determining the excess 
range delay ^R^ due to the liquid water content of the 
troposphere is 



Here m is used in place of (he n of F.q ( I ) and the expression 
indicates that the real part of m - I should be used. This 
notat! m is needed because the index of refraction of water is 
complex and m is tliereforc complex also. The real part of ni 
determines the phase shift and range delay, and the imaginary 
part determines attenualion. In deriving Fq (33), no mention 
was made of the lossy nature of the d.oplets, but relations 
derived for a iv ssless medium can be applied to the U'ssy case 
by rnerelv utih/ing the propei complex value m place of the 
real value. Wliereas the index ol refiaclion of dry air and water 
vapor are independent of frequency in the radio frequency 
range up to about 50CiH/. the index of refraction of liquid 
water is a function of frequency and temperature. 

B. Illustration of ExcMsRang^CMay Ou« to a CkHfd 

To illustrate die range delay due to water droplets in a 
cloud, consider the range delay for a /^nith path througli a 
dense cloud I -km thick and having a water content v*f 1 g/m^ 
For :: frequency of / = 3 Cll/ and a temperature of T - 20 (', 
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( 35 ) 


It can be determined from curves given by Zufferey (Ref. 20) 
(see also Hogg and Chu (Ref 21 ), or values presented by Gunn 
and East (Ref. 22)), that n -8.88 / 0.03. As water has a 

density of 1 g/cm^, the water conterU of 1 g/m^ nils only 
10"^ of a cubic meter. Then NV of Eq. (33) is 10”^ so that 


m- 1 =4l0‘* 


( 8.88 

(8.88 


/ 0.63)^ + ij 


and 


Reim 1) = 3/:(0.%7)(10''*) 

= 1.45 X lO"* 

As a region of uniform water content and a thickness of 1 km 
is assumed, the integral of tq. (26) simplifies to become the 
product o( Re (m 1 ) and 10’ m so lliat 

«, = 1.45 X 10“*’ dO’) 

-- 1.45 X 10 ^ m 
= 0.145 cm 


For / = 10 GH/, n = H.2 / 1.8 and the value of SR 2 is 

0.144 cm, wlnle for /= .^0 (ill/, « = 6 / 2.8 but SR 2 is still 

about 0.144 cm. Tlie excess range delay in this case is quite 
insensitive to the value of n, which condition might be antici- 
pated by noting i! it n* appears in both the numerator and 
denonunator of Fq. (33). The excess delay is theref^*re insensi- 
tive to frequency as well. 

The water ct>nlen( i)f I g in^ assumed in the above examt is 
u that of a rathei dense cloud, but it has been reported that 
the maxinuim water cimtent of clouds lies between 6 and 
!0gm^(Ref. 23). 

C. ExMSsRangtMay DMtoRain 

Raindrops are considerably larger than the small droplets of 
cli>uds, and to analyze the effects of raindrops one i jusl 
gencrall) us.’ the Mie scattering theory or refincnwnts of it. 
The technique of deriving an equivalent index of refraction 
can nevertneless be employed for rain, this approach has been 
utilized most extensively for determining the attenuation con- 
stant foi propagation through rain. If m = - im,, the field 

intensit) attenuation constant o is given by 


a - neper/m 

where = 2rr/XQ is the phase constant and is wavelength 
for propagation in empty space. (One neper equals 8.68 dB.) 
The phase constant p for propagation through a region of rain 
is given u> 


^ rad/m 


(36) 


For calculating the excess range delay SR 2 due to rain, one 
can use 


J" Re(m - l)J/ = fm,- 


\)dl 


(37) 


Tables giving values of ~ 1 have been provided by Setzer 
(Ref. 24), and Zufferey (Ref. 20) has presented these values in 
graphical form (Fig. 1). Setter's value for m^~ 1 for a rain of 
25 nm/h at a frequency of 3 GHz, for example, is 1 .8 X 10"^, 
The excess range delay in a 1-km path of uniform rain of that 
rate is ( 1 .8 X 10“^ )( 10^ ) - 0.18 cm, a value comparable to 
that for a zenith path through a cloud I -km thick. For a heavy 
rain of 150 mm/h, the delay would be 0.*^2 cm in 1 km. 

For estimating total excess range delay due to rain, one 
needs an est innate of effective path length througli rain. This 
topic of effective path length has been considered with resp*cl 
to estimating attenuation due to rain (Refs. 25, 26). Rain is 
largely confined below the O^'C isotherm, and the height of the 
isotherm and the elevation angle of the path determine the 
path length tluougli ram. In addiuon, it develops that the 
average ram rate along a path lends to differ from the instanta- 
neous point r,.in rate, the average rate being less than the point 
rale for heavy rams. Effective path lengths througli ram tend 
to be in the oru»..' of 4 or 5 km for an elevation angle of 45 deg 
at a latitude of 40''N ( Ref. 20) and these figures can be used as 
a rougli giude. lnfi>iiiiation on the height of the isotherm 
as a functum of probability of occurrence is given in Fig. 2. In 
amtrasi with attenuation in rain which increases with fre 
quency up ti> about 150 GHz, excess range delay decreases 
above 10 GHz and slays nearly constant below 10 GHz to 
I GHz or lower, but has modest maxima in the 6- to lO-Cihz 
range, depending vm ram rate (Fig. 1). It appears that the 
excess range delay due to ram may be of significance in some 
heavy rainstorms. 

The concept i>f an equivalent index of rcfractuni of a 
medium coniammg small particles has been discussed by van 
de HuJst (Ref. 27) and Kerker (Ref 28), but early consid*^ 
tion of this topic is attributed by Kerker to an 189^ pa^ y 
Rayleigh and 1890 and 1898 papers by Lorenz. 
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IV. Phase Delay and Doppler Frequency 

A. Relations Betwaan Rang* and Tim« [May, PhaM 
Delay, and Doppler Frequenqr 

Range delay, time delay, and phase delay are all directly 
and simply related. It was pointed out in Section II that time 
delay Ans related to range delay A/? by 


for i* one-way path. Tlic phase delay A0 associated with a 
range delay can be determined by taking the product of the 
range delay AR and the phase constant Thus 

Alp = P„A/{ = ~AJi = AR (38) 

o f 

Doppler frequency and phase p are related by 


I dip 


H/ 


(39) 


" 2it dt' 

This relation can also be written in terms of finite quantities as 
I A<^ 




(40) 


where T^. is a count time «.i count interval. Also, as Ai^ = 
(2ir/X„)A«. 


fo 


\ K ■ 



(41) 


for a one way path, where is the average radial component 
of velocity anu J)y is the average Dvippler frequency dunn;*, the 
tinK T.. For a iwivway ranging system, 


It can be noted that if a value fp is recorded during an 
interval a corresponding: change m range AR has taken 
place during In this case, AR can represent either a true 
change in range or a change m excess range delay or a combi- 
nation of the two. iFIsewhere AR has been used for total 
excess range due to wi^er vapor or liquid water, but in this 
section AR is any iibttra.y change or increment or rarige.) 1 or 
an accuracy of lO * m/s m velocity may be as low as 1 to 
10 s when a spacecraft is near »!iC Earth or another planet, oi 


it )y be as long as 1000 s when the spacecraft is in a cruise 
phae (Ref. 29). 

B. Dopp* f Fr«qiMncy NoiM 

Precise calculation of range delay due to the lroposj»hcrc 
requires information concerning the water vapor, liquid water, 
and temperature profiles, but representative values can be 
calculated readily. Fewer data concerning Doppler frequency 
are available and it is somewhat more difficult to establish 
representative values for bopplcr Ircquency noise. Doth bulk 
changes in water vapor and liquid water content along the path 
and tropospheric scintillation involving scattc. from turbulent 
irregularities can contribute to this noise. The term scintilla- 
tion is usually applied to rather rapid variations of amplitude, 
phase, and angle of arrival. For considering tropospheric 
effects, it may be distintuished from refractive fading that 
results from the large-scale structure of the index of refraction 
and tends to involve amplitude variations of fairly large magni- 
tude but of lower frequency than scintillation. 

Because of the relations between phase, excess range delay, 
time delay, and Doppler frequency, the occurrence of phase 
scintillation implies also the occurrence of range and time 
delay jitter and Diippler noise. The noise is generated in 
proportion to the rate of change of phase as indicated bv 
Fqs, (.V)) and (40). In some investigations of phase sdntiha- 
tion, records were taken showing the variation of (>ha5e with 
time. These allow the determination of corresponding Doppler 
frequency values. Using phase records obtained by Thompson, 
et al., (Ref. 30) in Hawaii. Armstrong, Woo, and Estabrook 
(Ref. 3) estimated the fractional Doppler frequency stability 
for propagation through the troposphere on Earth-space paths 
for a lOOO-s count interval to be about 5X 10'*^ or less 
|o^ ( KXX) s) ^5X10^*^ where o^, is referred to as in Allan 
variance]. It was estimated also that plasma scintillation at 
S-band, primarily involving the solar plasma contribution 
which dominates the ionospheric contribution, would cause 
noise correspoi Jing to o^, (l(XX)s) ^ 3 10"*^. Minimum 
Doppbr frequency noise due to the solar plasma is observed n 
the antisolar direction. Use of an X-band system is estimated 
to reduce the plasma noise tt) that corresponding to 
( 1000 s) ^ 3 X IG . Thus it was inferred that tropospheric 
scintillation may dominate for the case of an X-band system. 
Also using data ^rom Thompson, et il., (Ref. 30) and radio- 
sonde data from Edwards Air Force Base. California, as well, 
Berman and Slobin (Ref. 18) have estimated a fractional 
Doppler frequency stability for two-way propagation and a 
1000-s count interval as ' 6 X 10 

C. QravttatlOMi Wavw 

It IS generally considered that graviutional waves may 
produce a fractional vanation in Doppler frequency equal to 


n 



ox less than about 10"^^ (Refs 2 ami 3). Thus detection of 
gravitational waves will require careful attention **nd efforts to 
mmimi/c the effects of all sources of [X>pp!cr noise and 
instability. On sufficiently long paths, gravitational waves 
should impart a characteristic triple-impulse signatui'* to the 
Doppler record. The three impulse arise from buffeting of the 
spacecraft and Earth by the passing gravita»nmal wave and 
in’ j the travel times between the Earth and spacecraft. For 
example, the gravitational wave might first buffet the Earth 
and the antenna of the telecommunication system and thus 
produce an immediate corresponding IXippler impulse in the 
received signal. Then the gravitational wave miglil buffet the 
spacecraft, and this would produce an m ‘pulse in the Doppler 
record after a tir..e delay corresponding t(> the travel time from 
the spacec alt to Earth. Finally, a third impulse wo’ild appear 
in Inc IX)pplcr record of the received signal, corr sponding to 
the original buffeting of the Earth antenna, out delayed by the 
travel time from the Earth lo the spacecraft and back. The 
form ^)f the actual sequence of impulses would depend upon 
the geometrical configuration of the Earth a;i<l spacecraft and 
the direction of travel of the gravitational /avc. An effect due 
to clock speedup is also oxpeued (Ret. 2). As the periods of 
gravitational impulses arc long ( 10 to 10.000 s), long telecom- 
munications paths involving round-trip travel times of about 
1000 s and longer are required for the detection of gravita- 
tional waves by the technique under discussion. 

V. Excess Rang# Delay in Terms of Total 
Water Vapor artd Liquid Water Content 

A. Dtlay Dim to LiquiC Water 


where IV is the numUr of droplets per unit volume, V is the 
volume of an ir.diviuual droplet, h s the ♦ *rtical extent of the 
cloud, and p is the density of water, nam.dy 1000 kg/m-^ in SI 
units. Of the four factors of Eq (44). all already appear 
in the expression for The remaining quar ;t;es in the 

expression for AKj are 3/2 {n^ ~ \)lin^ + 2 . winch equals 
(3/2X0.967)= 1.45 for /=3GH?. If p ~ is to be 
introduced into Eq (35) where it did not originally apjicar, so 
that can be expressed in terms of , a factor of 10"-^ 
must be intrinluced to compensate. Thus 

A /?2 = 1.45 X 10'\W^ ,m (45) 

with for the example of Section 111 having the va! of 
( 10“^)( lO^X 10^) = 1 kg/m^, v/here the three factors r*;^rc- 
sent ;Vr. /i, and p respectively. If it is desired to cypress A/?2 
in cm and Mj in g/cm^ , then 

A /^2 ^ ! 45A/^ ,cm (46) 

with Mj = 0.1 gVm^ f n !l',e sa.nc example i>f Scctu ’>11'. For 
other frequencies, the value ‘ 1 )/(«* ^ 2) wih change 

only very siig.itly, so Eq.s 145) uhI (46) are generally 
applicable with reasonable a».cura\.y. The cxpicssions apply to 
the small droplcis of doud.s, or in general, when P'** 
scattering can be assumed to lake place The droplets oi wiv.uds 
actually vary in si/e such that one should use a summation 
12 in place of \l\ but the s»mple form of Eq.(33) is 
sufficient tor present purposes 

B. Delay Dm to Watttr Vapor 


(\»nsidera ion v> given m this section to expressing excess 
range delay in terms i»f the total masses of water vapor and 
liquid water in a vertical column Expie^ions of this tyt>. have 
l)cen m use (Ref 15), and the i/usis for them will now be 
examined. The case ot the small water droplets of a chmd is 
the sim^>lesi to analyze For *his purpose, Eq. ' 33) is repeated 
below. 



Range delay *or a zenith path thnmgh a uiiifor.n cloud o! 
thickness h is given by 


^^2 (w - \)h (43) 

which IS !uerel> a statement i»f Eq (34) for a uniform cloud. 
The total liquid water consent u\ a vertical c, lumn is given 
foi the uniform case by 


- .VI Tip 


(•*4) 


Consider next the case oi water vajx>r The applicable 
expression in this case :s 


A/e = 3 323 X 10 


witii 0 in ,'m^ or 



l.73f X ^0 



= 3.323 X lU ' J Hi 1.731 j (47) 

with p ji kg/ mV The delay is a functun of lemDeiature as 
well as total water vapor ciMitent. If T is la'^en to be 28* o3 K 
(the temperature ii. a standard atmosphere at an elevation 
above sea level of I km) as was assumed in Section It, 

A/? - 6 48X 10 ' (48) 

where , the mass of water vapor in a vertical ctilumn, 
equals /p <i/, and, m the example Section II with p = 
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7.5 g/m^ = 7,5 X 10“^ kg/m^ at the surface and a scale height 
of 2 km, is 1 5 kg/m^ . If it is desired to express A/? , in cm and 
My in g/cm^, then 


Excess range delay at an elevation angle Q, A/?(0), may 
generally be related to delay for a zenith path ($ = 90 deg) for 
elevation angles greater than about 10 deg by 


= 6.48 cm (49) 


AR(6) = 


M(0 = 90 deg) 
sin0 


(23) 


For the same example of Section 11, My = 1.5 g/cm^ and 
= 9.72 cm. Equations (4b) and (49) apply strictly only 
for a constant or average value of temperature of 281.65 K, 
and choice of this value, v^hile reasonable, was arbitrary. 
However, the equations can be used for rough estimates of 
ARf if deisred, and if the temperature profile does not depart 
excessively from the constant value assumed here. 

C. Combined Delay 

The combined delay due to water vapor and small water 
droplets on a zenith path is given roughly by 


AR My^\A5M^,cm <50) 


with My and M^ ir g/cm^ . The delay due to water vapor A/? j 
is actually a function of temperature as well as the mass of 
water vapor in a vertical column M^. If information on 
temperature and water vapor profiles are available, Eq. (13) 
should be used for AR^ instead of Eqs. (48 through 50) to 
obtain a better estimate. 

VI. Conclusion 

The excess range delay due to water vapor and liquid water 
content of the troposphere require attention when high 
precision is required for range measurement on Earth-space 
paths. The physical factors affecting excess range delay have 
been discussed and illustrative calculations of range delay have 
been presented in this report. The use of radiometer tech- 
niques for continuous monitoring of the range delay and 
Doppler frequency due to water vapor appears to be advan- 
tageous when high precision is required. The various possible 
systems for accomplishing this purpiose should be carefully 
considered. The same general principles have been used for 
remotely sensing the water vapor and liquid water content of 
the atmosp)here from Nimbus satellites (Refs. 31 and 32), but 
in these applications total water vapor content, /p dh, and not 
f{p/r)dh,is obtained. 


For clouds, information ^n the thickness and liquid water 
density of a cloud is required to estimate range. For estimating 
excess range delay through rain as accurately as possible, one 
needs to take into account that average rain rates tend to be 
less than point rain rates for heavy rains (Refs. 25 and 26). 

The separ' te but related topic of Doppler frequency noise 
has been considered briefly. Whereas range delay involves the 
integral of index of refraction mmus unity along a path, 
Doppler frequency noise involves the time rate of change of 
ne integral. Range delay can be analyzed as involving 
propagation in a locally homogeneous medium, but considera- 
tion of Doppler noise requ. es attention to scint'llation, 
involving scatter from inhoniogeneities as well. Variations in 
range delay imply Doppler frequency noise, and Donpler 
frequency noise implies jitter in range. Correction for range 
delay allows increased precision in range measurement. Mini- 
mizing Doppler frequency noise of interplanetary origin by 
moving to higher frequencies increases the probability of 
detecting weak effects such as gravitational waves, but Doppler 
noise of tropospheric origin may then dominate. 

When striving for the highest possible precision in range 
measurement, the limitations posed by die state of knowledge 
of the velocity of light should be kept in mind. The value of c 
of 299,792,458 m/s involves a fractional uncertainty Ac/c of 
±4 X 10"^ (Ref. 33). Specifying c to nine significant figures 
may seem impressive, but the fractional uncertainty in c 
corresponds to an uncertainty in velocity of 1 .2 ni/s and an 
uncertainty in meters iu one-way range of 1.2 times the 
propagation times in seconds. For spacecraft near Saturn, say 
at 10 AU, the corresponding uncertainty in absolute range is 
about 6 km. This consideration should not be regarded as 
unduly discouraging. When using the VLBI technique, for 
example, it is the difference in range to the spacecraft from 
two locations that is important and not the absolute range. In 
other situations, it is the consistency and precision of range 
measurements that is essential, rather than accuracy of 
absolute range. One should take care, however, not to imply 
that the precisions of a few meters or centimeters in range 
measurement on long paths represent the accuracies to which 
absolute range can be measured. 
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Table 1 Saturation water vapor pressure, e, in mb 
[adapted from Smithsonian Meteorological Tables, 1958 (Ref. b;] 
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Fig. 1. Th« real part of ttw»quival«ntlnd«x of refraction minus unity 
(m^ > 1) of a madium conalating of raindrops in amply spaca, as a 
function of fraquaiKy (Re' 20) (Tamparatura 20*C; I awa simI Par- 
sons distribution) 



Fig. 2. Haight of tha 0*C Isotharm as a function of tatituda and 
probability of occurranca (Raf. 26) 




Appendix 

Relation Between Water Vapor Pressure and Density 


The perfect gas law in the form applying to one molecular 
weight of gas is 

pv = RT (A-1) 

where, in SI units, p is pressure in N/m^ ; v is specific volume 
in m^; /? is the gas constant, 8.314 X 10^ J/(K kg mol), where 
J stands for joules and T is temperature in kelvins. To obtain 
density p in kg/m^ , use 


If we apply Eq. (A-2) to water vapor and thus setp equal 
to e, the water vapor pressure in N/m^, and M equal to 
18.02 kg, 


e 18.02 

8.3143 X 10^7 


,167 X 10"^ e 


, kg/m^ (A4) 


If e is to be expressed in mb, however, rather than N/m^ , 


M _pM 
V RT 


02\67e 


where M is molecular weight in kg mol. Also note that 


Finally for p = g/m^ and e in mb. 


T V M 


216.7e , , 

p = - — - , g/m^ 
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Atmospheric Noise Temperature Measurements 

C. T. Steizried 

Radio Frequency and Microwave Subsystems Section 


Radiometric microwave noise temperature measurements are used to estimate 
atmospheric transmission loss. It is common practice to use the following lumped element 
model expression for the noise temperature contribution, 

r - T/l- I/L), 

This relationship is used to estimate the transmission loss L in terms of T" and the 
atmosphere effective physical temperature This report evaluates T^ in terms of 
assumed distributed toss and temperature mi^els. Simplified expressions are presented 
for low loss applications. For these applications L is determined directly and accurately 
without integration or iteration. 
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I. Summary 


where 


Radiometric microwave noise temperature measurements 
are used to estimate atmospheric transmission loss. It is 
common practice to use the lumped element model expression 
for the noise temperature contribution 

r'= r^(l- 1//.) 

This relationship is used to estimate the transmission loss L in 
terms of T** and the atmospheric effective i^ysical tempera- 
ture T^. Tltis report evaluates T^ in terms of assumed 
distributed loss and temperature models For exponential loss 
and linear temperature distributions 

= r, ^k{T^-T^) 


I - l/L 


/ = 


\ 

a,, la 

(lnaj/o,)e ^ 




These equations are evaluated and is presented for a 
range of values for L and Oj |a^ . For low loss (L » 1 ) 


Oj/a 

(a,/a,)- I 


1 

ln(Qj/a, ) 
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As an example, if otj/aj = 10, we have k = 0.6768. Then for 
this model 


Substitute, X -yl 


Tj + 0.6768 (T^ - Tj ) . 

This provides a useful estima^ of (in some aoplicatiuns 
is estimated and Tj measured). Then from the lumped element 
model 


r 



a(y)iT{y)e 



o(>’')/ dy 

dy 


Using 


1 

^ “ 1 - T”!T 

This mdicates that for low loss, L can be directly and results in 
accurately determined from these models without integration 
or :leration. 
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T(Z)e* dZ 
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II. Introduction 

Radiometer microwave noise temperature measurements 
are used to estimate atmospheric transmission loss (Ref. 1). It 
is common to use the lumped element model expression for a 
lumped element model for the noise temperature contribution 



0 L{y*)ldy* 


r" = r^(l" ML) (1) 


where 

L = propagation path loss, ratio 

= atmosphere effective physical temperature, kelvins 

to estimate the transmission loss 




1 

I - rvr^ 


( 2 ) 


IV. Application 

Consider the variable parameter model (Ref. 1. model 2) 
with exponential propagation constant and linear temperature 
distributions. 


q(v) = ot^ 

nv) - r, ^(T^-T^)y 

Then, with Eq. (5), 


(7) 


This article investigates methods to evaluate required for 
the appropriate transmission path model. 


= (a, /«)(<>•<»■) -(ttjM 


III. Theory 

We have (Ref, 1, Eq. 3, using the same symbols and 
definitions) 


and 


r ’ » 



,-Oj)/- 


r, +(fj - r,) 



e‘d: (8) 
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■r 


a(x ’) (lx‘ 


dx 
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Expanding 

T " « r, (1- i/£)+(r,- r,)(i - /) 


(9) 


M 



so that 


where («/ = In Oj/a, , a, /a = In Z-/(Oj/a, - I), (aj - o, )/a = 
In L) 


I = 


1 

(lnaj/o,)e ^ 



. ^~\nL^L\nL 

• TTTZ — 

for both L ^ I and ct^/aj ^ 1 this reduce^ to k ^ 0.5 


( 13 ) 


I is solely a function of Oj/aj and L. Equating Eqs. (l)and (9) 


Tp = 0“A:)r^ +/cr, (10) 


where 


k = 


1 “ / 

1 - 1/A 


In Figs. 2, 3 and 4 7^ is shown plotted using model 2 for a 
range of values of and Precise transmission 

loss estimates can be made from radiometer noise temp)eraturc 
measurements for this model without integial evaluations 
using Eqs. (2) and (10) (Eqs. 12 or 13 if appropriate). The 
procedure is to calculate the loss using Eq. (2) iteratively with 
evaluated from Eqs. (10) and (11). The required initial 
estimate of is given by 280 K, {T^ + T^)!2 or other choice 
as appropriate. 


The solution for k is obtained from numerical integration of /. 
The results are shown in Fig. 1. Over this range of parameters, 

A: ^ 0.5 + 0.01 768 L (dB) + 0.01 768 (a^M, ) (dB) 

- 0.000368/. (dB)(Q,/Qj)(dB) (II) 


For example, if T" - 254.4 K, (Qt^/Oj) = 10, - 250 K, 

Tj = ^90 K, we have (using for initial estimate, T = (T + 
Tj )/2 = 270 K) from Eq. (2) ^ 

L = 12.4 dB 

First iteration (Eqs. 11, 10 and 2) 


For example, if {a^la^) (dB)= L (dB)= 10, we have k^ k - 0.8504 

0.8168 so that for f, = 250 A' and = 290 A', =* 282.7 A, 

which agrees with previous calculations (Ref. 1, Table 2, T = 284.0 

case 3). ^ 


For A ^ 1, (from expansion of Eq. 8) 


L = 9.8 dB 


Second iteration 




so that 


* ^ /. L_i 

[_(aj/a, )- 1 In (Oj/Oj )J 

. ■ 1 

[(a,/a, )- I In (Oj/u, )J 

and sinularly for (Qj/Oj ) * 1 (also from Ref. I, model 3) 

, . Q._ JL\ 

\ln/. lAnLI 


( 12 ) 


k = 0.814 

r = 282.6 


L = 10.0 dB 

which indicates rapid convergence. For most applications, the 
second iteration is not required. For example, starting with 
= 270 K as above and 7'" = 210.6 K, ;39.5 K and 57.1 K 
results in (with I iteration) L = 6.02 dB, 3.01 dB, and 1 ,00 dB 
respectively, (in agreement with previous calculations. Ref. 1, 
Table 2). This technique is useful for other models with 
application of Eqs. (4) and (6). The solution for k is tabulated 
in Table 1 for various models. Further, these methods apply 
not only to atmospheric measurements, but to any determina- 
tion of loss trom radiometer calibrations such as transmission 
line loss (required for thermal load standards. Ref. 2) or 
radonve loss calibration (Ref. 3). 


•$ 


For an application example at small loss, assume {q^/q^ ) =* 
10, ^ 1. TTicn 

^ 4 0.6768 (Tj- Tj) (14) 

In so^r^ w 7 plications, would be estimated and mea- 

sured. (js#iig F . ( 14) and (2): 

Case I 

T, = 250 k1 T ^ 277.1 K 

I p 

= 200K => L ^ 0.159 dB 

10 

Case 2 

r = 250 k 1 r - 290.6 K 

I p 

r, = 310 K => A ^ 0.152 dB 

T - lOK^ 

llie small ditYerence between A calculated for cases I and 2 
illustrates that for ^mall losses A is insensitive to errors m T . 

p 

In these examples, the error in using Fq. (14) is approxi* 
inately 1.3 K, resulting in an error in A in approximately 
0.01 dB. This example demonstrates that for low loss applica* 
tions, determine or estimate, a^/a^ . calculate k frv»m tq. (12). 
fp from Hq (10) and A from Fq. (2). This is accomplished 
directly without integration or iteration. 

For comparison, a linear/linear variable parameter model 
(Ref, I, miHlel 6) is analyzed in Appendix A and summari/ed 
in Fig. A~1 and Table 1. This model results in (using 
paraiiKMers of Case I above) 

k ^ 0.6364 
T ^ 275.5 K 

p 

A ^ 0.161 dB 


This indicates that for low loss, the solution for A is insensitive 
to the model choice. 


V. Conclusion 

Various expressions are derived for the effective phy:Mcal 
temperature 7^ of the atmosphere for use in the lumped 
element model expression for the noise temperature 
contribution 

T = r^(i I/A) 

We have 

= r.+Mr,- r,) 

where 

It = i_-y_ 

I - ML 

I is derived and evaluated for a range of values for A and 
ia^/a^) for 2 models. Low loss, useful and accurate approxi- 
nutions arc given by 

^ nuHiel 2 

I Ina^/Oj (exponential/linear) 

0.6768 (for Oj/Oj = 10) 

I ♦ 1/3 [(aj/Qj)- 1| model 6 

^ ^ I _ 

(a,/a|)>l (itncar/lincar) 

■- 0 6^(4 (for a, /o, = I0» 

For both A ^ I and Oj/Oj ^ 1, these reduce to A 0 5 With 
these low los.s approximations, T can he evaluated in terms of 
q,/Q| . 1\ and T^. Then A can 6e determined a‘ curately and 
diiectly without integration or iteration, using 

/ 'I. - J 

I - iriT^) 
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Table 1 . Summary of varloua approximations for k required to calculate T 


Parameter 
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Appendix A 

Linear/Linear Variable Parameter Model 


Consider the linear/linear variable parameter model (Ref. I . 
model 6) with 


a(y) = o, +(ttj - a, )v 

T(y) = r, + (7-j - r, )y 


(A-1) 



Then 


Equating Eqs. ( 1 ) and (A-3) 



T" = 


2 In/, 



r = r, +A:(r^ - 7-,) (A4) 


where 


k = 


1 - / 

I - IIL 



Tlie solution for k from integration of / is shown plotted in 
Fig. A-1 over a range of values for ) and L. This can be 

approximated with the expression 

k ^ 0.5 + 0.01768 /. (dB) + 0.01.^64 (dB) 


• |r, + (7j- r,)v|</v 


(A-2) 


- 0.000309 /,(dB)ttj/o, (dB) 


for L 1 


(AS) 


Expanding 


r = r, (1 - i//.) + (7'j - r,)(i - /) 


where 


(»l + Oj)! 

L = e ^ 


(A-3) 


1 + 1/3 l(aja,)- n 
(aj/a,) + l 

k ^ 0.6364 (for aj/o(| = 10) 


(A-6) 


k =« 0.5 (forOj/a, = 1) 

Tj, is shown plotted in Figs. A-2 for T, = 250 K and Tj ~ 
290 K for a range of values for (Oj/a, ) and L. 
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Second-Generation X/S Feedcone: Capabilities, Layout 

and Components 
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High-power (20-kW) 5- and X-band transmitting systems are added to the Second- 
Generation Common Aperture X/S Feedcone System to demonstrate X- and S-band 
uplink /downlink capabilities. Design considerations of new X-band components, cone 
layout, and capabilities are discussed 


I. Introduction 

One of the feedcones normally installed at DSS 13 is called 
the XSR or first -gene ration X/S feedcone. This listen-only 
system incorporated for the first time the common aperture 
feedhorn, enabling simultaneous X- and S-band reception from 
a geometrically symmetrical antenna. Figure 1 shows this feed- 
cone mounted at DSS 13, The second-generation X/S feed- 
cone, though having the exact same outward appearance, has 
been made a multifunction feedcone on the inside by the 
addition of transmitters and diplexers with extended band- 
widths and power handling capabilities. There were four 
aspects to the system development: 

(1) The development of a common aperture feedhorn and 
combiner to handle the added bandwidth and power 
(Refs. 1 and 2). 

(2) The development of the 20-kW X-band transmitter/ 
exciter (Refs. 3. 4, and 5). 

(3) The design of new X-band broadband devices to handle 
the added transmit functions. 

(4) The integration of all these elements within the con- 
fines of a new feedcone. 


Parts 1 and 2 above have already been covered in previous 
reports and will not be discussed to any length here. We will 
confine ourselves to system capabilities, block diagrams, func- 
tional layout of the cone, and the performance of the new 
X-band diplexer and polarizer. 


II. Planned Capabilities 

This new feedcone will transmit 2110 to 2120 MHz and 
receive 2200 to 2300 MHz at S-band, and transmit 7145 to 
7235 MHz and receive 8200 to 8600 MHz (with the best 
receive performance between 84(X) to 8500 MHz) at X-band. 
Each function is fully independent with each band diplexed. 
The bandwidth of the horn itself easily covers the full S- and 
X-band spectrum, with RF efficiencies of 68% and 72% 
respectively (Ref. 1). 

The X/S combiner design requires the polarization of the 
S-band signal to be a ' nard-wired'" function. Right circular 
polarization (RCP) will be the one provided. The addition of 
left circular polarization (LCP) would involve a new waveguide 
run and an extra switch, for an estimated 2-K additional 
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system noise. S-band ellipticity measurements have yet to be 
made with this new hom. As is standard in other S-band cones, 
the system will consist of either a low-noise listen-only path, 
or a fully diplexed path for simultaneous transmission/ 
reception. The system is intended for a single S-band maser, 
and a direct VLBI port is not supplied. Because of limited 
X-band rejection uncertainty in the combiner section, a 
waffle-iron filter is placed just in front of the maser for added 
X-band isolation. This will add 3.4 K to an approximate 24-K 
(baseline) system noise temperature. It is expected that 
tests on Uie antenna will indicate sufficient X-band rejection 
to warrant its removal. (Ultimately, cryogenic filtering within 
the amplifiers will be developed.) In the diplexed position, the 
additional waveguide and S-band diplexer will add approxi- 
mately 5 K over that for a total of 27 K and 33 K, respec- 
tively. These figures are based on perfonnance of the first- 
generation fecdconc and known effects of various S-band 
componcnls. The S-band system is designed to transmit 
20-kW, powered by the present transmitter on DSS 13. An 
S-band tiansmit filter will reject S-band beam noise. However, 
there is presently no fourth-haniionic filter in the system to 
suppress X-band receive harmonics. An effort is being made 
to locate one. 

The X-band system will have switchable polarization (LCP 
or RCP), but will have only a diplexed configuration, first 
because of tlie high performance of the new X/X-band 
diplexer, and second because the dipl ver's receive band will 
cover the proposed Vl.BI band (8200 to 8(>00 MHz). Again, 
the design is for a Block II-A maser (lOO-MHz insiantanetnis 
bandwidth) that will cover 84(X) to 8.">00 MHz. Tine diplexer 
has its best match, lowest loss, and highest isolation at these 
frequencies. A VLBI receive-only port is supplied, but no 
X-band transmit function will be possible in that configura- 
tion. An approximate system noise temperature for the 
diplexed receive band of 8400 to 8500 MHz is 30 K. A listen- 
only path could conceivably drop this to 27 K (baseline), but 
at the same time would degrade tlie diplexed receive link by 
7 K, for a total of 34 K. BIlipticity meas’'fCiiients of the 
feedhorn/polarizer combination await c<* pletion of the 
broadband polarizer. The new transmit tCi will $l ))y tlie 
required 20-kW signal for the X-band uplink demons;: jtion on 
this project. The X-band transmitter is located in the cone. 

A dual '54*dB loop ampler at S-band and a dual -54-dB 
cross-guide coupler at X-band are supplied to monitor tiie 
respective transmitter signals, run phase calibration checks, 
and perform other required microwave tests. Both an X-band 
and S-band calibration s>stem will be supplied for maser 
calibration. They will incorporate noise diodes (three levels), a 
receive-band signal source, and both will be NAR capable. All 
microwave switches, the X-band polarizer, and both calibra- 
tion boxes will be compatible with on-going automation pro- 


jects. The block diagram (Fig. 2) shows the other couplers and 
loads supplied by the microwave group. The signal paths and 
cone interfaces shown are generally those believed necessary to 
operate the fully operational feedcone. However, only those 
functions necessary to demonstrate tlie principles will be sup- 
plied in FY 81. Some functions (such as the X-band transmit 
functions, doppler extraction being an example) are scheduled 
for implementation in FY 82 and 83. (Ref. 4). 


III. Planned Layout 

The housing of the microwave subsystem mirrors tlie first- 
generation feedcone in construction. To a basic straight base 
cone shell (approximately 429 cm tall) we again bolt a cone 
extension (approximately 196 cm in heiglit) te the top of the 
base cone. An adapter ring (3.73 cm thick) is then used to 
mount and position the X/S fecdhorn/combiner in the cone. A 
fiat plate bolted to llie X/S combiner enables us to directly 
mount a standard DSN X-band polarizer package to the feed- 
horn. A 23-cm section • * WC 137 (a 0.6-K loss) waveguide is 
used to fill the gap between the feedhorn and the polarizer 
caused by the sliorter throat section of the X/S feedhorn, and 
a new four-section stepped transition is used instead of the 
tapered transition to make room for the -54-dB cross-guide 
coupler. The new broadband polarizer is designed to be a 
direct replacement for the standard single-frequency polarizer. 
The X/X-band dip*exer (water cooled) is placed between the 
WRI25 two-position switch and the -35-dB calibration cou- 
pler on the X-band maser. Approximately 366 cm of WR125 
(uater cooled) waveguide |oin the diplexer and the X-band 
transmitter positioned directly below it on the cone floor. 
All X-band waveguide microwave components will be con- 
structed of cop|X'r. 

The S-band system will employ the same waveguide bridge 
network found in the First -Gene ration Feedcone System. The 
horn is fed through four separate circun ferential ports 90 deg 
apart on the side of the horn. The phasing at each pon is 
controlled by “equal-length” waveguide runs, two 90-deg 
hybrids, and a magic “T” (all in WR430 waveguide). Coupling 
the magic “T” to the correct two piirts of the two 90-dcg 
hybrids “hard wires” either RCP or LCP operation. Between 
the “B” plane port of the magic “T” and the S-band maser, a 
- 54-dB liK>p coupler, approximately 91 cm of WR430, a two- 
position switch, the waffle-iron filter, and a -33-dB cross-guide 
coupler constitute the listcn-only low-noise path; add to 
that another switch, the S-band diplexer, and 213 cm of 
WR430 for the diplexed mode and you have the diplexed 
receive path. Since the transmitter input to the S-band 
diplexer is some 427 cm above the ame’s bottom floor, the 
transmit waveguide runs 2/3 the length of the cone through 
the S-band transmit filter to the floor. A WR430 waveguide 
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run connects the cone to the S-band transmitter located in the 
DSS 13 equipment room below the dish. Most of the S-band 
waveguide will be made of aluminum^ and the S-band system 
in the cone will not be water cooled tFig. 3). 

IV. Feedcone Components 

This feedcone is basically two separate systems sharing a 
common feedhorn aperture. Except for the X/S feedliorn/ 
combiner, no new S-band hardware was developed. Much the 
same tiung can be said for the X-band system, except for the 
aforementioned X/X-band diplexer and the broadband polar- 
i^er. Both will be the subject of a separate report when all final 
models and tests are completed. Following are exerpts of the 
more pertinent characteristics of each. 

A. X/X-Band Diplexer^ 

The diplexer consists of three separate components. The 
center tiuee-port combiner section consists of a high-pass 
filter in the receive arm and a band-pass filter in the transmit 
arm. Two ‘'F" plane cavity-type band stop filters (BSF) arc 
added, one each to the transmit and receive ports for the 
necessary added isolation. Tlie “T" section combiner was 
elect rofoimed (copjvcr elect rt>deposited on an aluminum 
mandrel), while the two BSFs were constructed of three fiat 
plates, all machined separately, and then pinned and bolted 
together to give a section of WR 125 waveguide with induc- 
tively coupled “E" plane cavities. A two-cavitv BSF is used in 
the receive link and was originally designed for 40-d* rejection 
of the tiansmit hand (7145 to 7235 MH/) and a tour-cavity 
BSF IS used for the transmit link witli better than 70-dB rejec- 
tion of 8400 lo 85(X) MU/, Tlic transmit ami of tlic “T" was 
tuned in confunction with the four-cavity BSF. and as such 
must be used as a single unit. However, the receive arm of the 
“T” and the twtxavity BSF were matched independently and 
are meant to be used together or separately depending on tlie 
desired isolation. The high-pass receive arm itself has> 38 dB 
of rejection of the 7145 to 7235 MU/ band, but the two- 
cavity BSl- added only 30 dB more Originally it was felt that 
tht total 68 dB would be enough, however, new tests on the 
interference effects (RFI) in the TWMs limits to 1 mW the 
transmit power received before experiencing some drop in 
maser perfonnancc. Tlie degradation in performance is due to 
overcoiipling between the two cavities, and the cavities are 
now being respaced to give the necessary 5-dBinore isolation. 

1 . Measured performance of the receive band. 

VSWR (8200 to 8600 MH/) <1.17 1 
(8400 to 8500 MHz); <1.07:1 


‘Oriieiiul design by W. Kriingcr ut Wen/el/ Er Unger Astocutci. 


loss (combined) <0.05 dB^ 

(<3.5 K) 

isolation/rejection: 

(7145 to 7245 MHz) >68 dB (goal: 73 dB) 

2. Measured performance of the transmit band. 

VSWR: (7145 to 7245 MHz): <1.07.1 

loss: <0.08 dB^ 

isolation/rejection: 

(8400 to 8500 MHz) »93 dB^ 

The results of the rework of the two cavity BSF will be 
reported at a later date when the full report on the diplexer is 
made. 

B. WC137 Broadband Polarlxar 

A pi>lanzer converts a linearly polarized TE'u mode, gen- 
erated from TEqj by the WR125 to WC137 four-step transi- 
tion. into a circularly polarized TEj'i mode by “quarter-wave 
platc“ action. Because of the wide separation of the transmit 
and receive bands, tlic performance over this extended range 
of the quarter-wave plate is questionable, and will be replaced 
with an iris-type polarizer. At present, only an aluminum 
prototype exists, but these test results should be representative 
of the finished product. The results below were obtained using 
the Automated Network Analyzer. 

1 . Measured performance for 7000 Co 8600 MHz. 

ellipticity: <0.5 dB 

VSWR: <1.07:1 

2. Current fabrication. A ptilarizcr is now being fabricated 
from a solid block of copper. Its loss. VSWR, and ellipticity 
will be measured as time and equipment allow, and will be 
reported at a later date when a full report on this polarizer is 
made. 

V. Conclusions 

A new Cassegrain feedcone assembly designated the XSU 
feedame (for common aperture X- and S-band uplink) is being 
built to replace a XSR (for common aperture X-and S-receive 
only) feedcone presently in use at DSS 13. 


^Thr loss measurement was made using a maser and a liquid nitrogen 
load 

^The loss measurementwasdoneuungan Automated Network Analyzer. 
^The sensitivity limit of the equipment used (the original design called 
for UK) dB). l ull isolation will be done when a maser is available. 
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This feedcone is the prototype for six wideband listen-only 
SXC cones (convertible to XSU) to be implemented through- 
out the operating DSN network. The microwave design is essen- 
tially complete, fabrication of the cone shell is complete, and 
assembly has begun. The microwave component installation 
will be completed at JPL and shipped to the DSN Microwave 
Test Facility where the X-band transmitter will be installed. 


Following fabrication and installation, testing will take place 
at the Test Facility and at DSS 13. Ground tests will measure 
system noise and power handhng capabilities. 

This feedcone greatly extends the state of the art in perfor- 
mance offered to the DSN, and will greatly enhance experi- 
mental as well as DSN capabilities in the coming years. 
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Fig. 1. Tb«tlritX/SfMdcofMonD8S13 
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An in' proved cooling method in waveguide system was designed for high power test. 
Experimental results indicated that this improved design can increase high power handling 
capability. 


I. introduction 

An improved cooling technique has been developed for high 
power waveguide systems. Testing of X-band high power com- 
ponents in a traveling wave resonator has shown that this 
improved cooling design reduces temperature in the waveguide 
and ilange. The waveguide power handling capability and 
power transmission reliability have therefore been increased 
substantially. 


II. Description of Problem 

High power transmission capability has bet i a challenging 
problem affecting the 400 kW CW X-band uuar feed cone at 
DSS 14. It is well known that breakdown of RF energy often 
occurs in wave* systems when power increases to certain 
level:. There arc many factors contributing to the breakdown, 
e.g . impurities in the waveguide, dimensional mismatching, 
inadequate cooling, etc. 

In the past, several experiments have been conducted to 
investigate the susceptibility of waveguide to the arc phe- 
nomenon during Deep Space Network (DSN) station higli 
power transmirsion. For example. Yen (Refs. 1, 2. 3) made 
efforts to study the high power waveguide arcing by using 
models. Kolbly (Ref. 4) developed an X-band traveling wave 


resonator (Ref. 5) for higli power simulation. In Kolbly ’s 
work, heat dissipation in the waveguide was considered to be 
the majoi problem in operating the traveling wave resonator, 
and limited its stable operation to 300 kW CW. Hartop and 
Batliker (Ref. 6) also pointed out that a major problem in high 
power X-band planetary radar work was excess heating of 
waveguide components. 

In present higli power CW waveguide systems, the waveguide 
is provided with coolant flowing through ducts soldered on 
both broad walls of the waveguide. However, it is difficult to 
apply coolant to the flange area and still provide for easy 
assembly /disassembly and maintain standard bolthole patterns. 
Figure 1 diagrams the common technique of interconnecting 
WG sections with flexible tubes. 

When :he waveguide is filled with a dielectric gas, break- 
down occurs at a higher power level. Electric strength of 
dielectric gas at radio frequencies has been researched thor- 
oughly by various authorities (Refs. 7, 8, 9). Fhis research 
concludes that resistance to breakdown deperds mainly on 
tlie capability of the gas to absorb free electrons generated 
by the applied electric field, and then convert the free elec- 
trons to heavy negative ions. Under the influence of the 
increased thermal energy produced from RF insertion loss in 
the waveguide, the dielectric gas exhibits a thermal effect that 
speeds up the ionization process, lowers the corona onset, 
and considerably lowers the gas breakdown potential. 
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III. Improved Waveguide Cooling Technique 

To reduce localized heating (i.e., temperature discon.. nu- 
ities in the waveguide) thereby reducing the single electron 
avalanche probabilities in *he dielectric gas, a new cooling 
method* for the waveguide system has been designed as dia- 
grammed in Fig. 2. In this improved design, the coolant 
flows througli holes into the waveguide flanges with suitable 
0-rings designed to prevent coolant leakage at the flange mat- 
ing surface. A small pressure relief groove is provided between 
the 0-ring and the waveguide to insure that no coolant can 
leak into the waveguide even in the event of 0-ring failure. 

IV. Experiment 

The JPL-CPR type flange for WR-I25 waveguide was 
modified according to the improved cooling concept. For the 
purpose of high power testing, c X-band traveling wave 
resonator was rebuilt with the m dified flanges and cooling 
duct^ Thermocouples were installed on the traveling wave 
resonator to measure the temperature venation at different 
power levels, flow rate and types of gas. 

A 20-kW CW klystron was used to drive the X-band travel- 
ing wave resonator. Before actual field testing, the modified 


•Patent applied for, NASA NPO-15401. 


flange design was measured for RF performance. No increased 
RF leakage througli the flange mating surfaces due to the 
modified design was measured. The level was less than the 
capability of the instrumentation used for the measurement. 
The capability of measurement was -90 dB. 

V. Results 

Water coobnt flow rates of 5.67, 7.57, 9.46, 11.35, and 
12.1 1 liters per minute (1 .5, 2, 2.5, 3 and 3.2 gpm) were used 
during tlie operation of tlie high power traveling wave resona- 
tor. Nitrogen and sulfur hexafluoride were tested separately 
and at different flow rates. Test results showing stable, 600-kW 
power levels were obtained in the X-band traveling wave re- 
sonator by using this improved cooling design. The maximum 
power level was limited only by the 20-kW source. It is ex- 
pected that higher resonant power would be achieved if the 
input power could be increased- The temperature in Uie flanges 
was 53.3®C (HS'^F) at 600-kW of power with 2-gpm flow rate. 
Temperature variations on the waveguide at 7.57 Ipm (2-gpm) 
flow rate are reported here since this flow rate is common at 
the DSN stations. Flange temperature as a function of resonant 
power is shown in Figs. 3(a), 3(b). 

No arcing was observed during high power testing when 
either nitrogen or sulfur hexafluoride was used in the wave- 
guide. 
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An Evaluation of the Intel 2920 Digital 
Signal Processirig Integrated Circuit 

J. Heller 

Communications Systems Research Section 


The Intel 2920 integrated cireuit is a device Jor digital signal processing. Consisting of 
a digital-to-analog converter, accumulator, read-write memory and UV-erasable read-only 
memory, the arcuit can convert an analog signal to a digital representation, perform 
mathematical operations on the digital signal and subsequently convert the digital signal 
(O an analog output. In addition to the 2920 circuit, Intel also offers development 
software tailored for programming the 2920. This is a report of experiences with the 
2920 circuit and its software. 


I. Introduction 

Intel’s 2920 digital signal processor is the first commercially 
available integrated circuit which allows the user to implement 
custom digital signal processing algorithms, (Two other cir- 
cuits, American Microsystem’s S281 1 and NEC’s UPD7720 are 
not available yet,) Unlike the 7720, Intel’s device performs 
both analog-to-digital and digital-to-analog conversion on the 
chip. All the circuits are designed for the high-speed multipli- 
cations and additions which are the basis of digital filtering 
algorithms. 

The 2920 is being evaluated for use as a low-pass filter. This 
report describes the experiences obtained from the circuit 
itself and the support software from Intel. Although ♦he soft- 
ware proved to be exceptional, the chip has drawbacks of a 
serious nature which could limit its use. 


II. 2920 Functional Description 

The functional block diagram is reproduced in Fig. 1. The 
chip can accept up to 4 analog signals at ±1 to ±2 volts peak 
depending on an external reference voltage. These signals can 
be multiplexed to a sample-and-hold circuit which, in conjunc- 
tion with a digital-to-analog converter, can be configured, 
under programmed control, to act as an analog-to-digital con- 
verter with 8-bit precision plus a sign bit. The digital section of 
the 2920 features a 40-word, 25-bit wide read/write memory 
(RAM), and a shift register capable of shifting up to 13 bits to 
the right or 2 bits to the left in a single instruction cycle. The 
sliifter is connected to one port of an arithmetic and logic unit 
(ALU), while the other ALU input port receives data from the 
RAM. The output of the ALU returns to the RAM. The ALU 
features addition, subiraction, absolute value, “exclusive or,” 
“and,” “limit” and other operation's. Individual bits can also 
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be tested, although not in the ALU. The digital-to-anaiog 
converter used for the conversion of analog signals is also used 
to convert the digital representation back to the analog form 
for one of eight sample and hold circuits. The chip sections are 
controlled by a program stored in an UV erasable read-only 
memory (hPROM) which can accommodate 192 24-bit 
instructions. All instructions take the same amount of tinte to 
execute which, for the 2920-16, is 600 nsec. 


III. Programming Considerations 

The 2920 program runs as an endless loop with no jumps 
allowed. One instruction (HOP) can be used at the end of the 
program to jump to the beginning if not all 192 EPROM 
locations are needed. This instruction must be located at word 
addresses divisible by 4 and must be followed by 3 NOPs, 

In order to convert analog signals to digital values, an 
instruction sequence consisting of a group of IN codes fol- 
lowed by a eVT-NOP-NOP group for each bit is required. 
Thus, a 9-bit conversion requires 35 instructions. To output an 
analog signal, approximately 7 NOPs are needed prior to the 
OUT instructions to allow the digital-to-analog buffer ampli- 
fier to settle. Seven OUT instructions are recommended in 
order to ensure that the sample-and-hold circuit captures the 
correct value. 

Instructions can be executed on a conditional basis depend- 
ing on the state of a specified bit in the DAR register. If the 
instruciion condition is not fulfilled, a NOP is executed 
instead. During program segments in which the DAR is not 
used. It IS possible to execute IN or OUT instructions simulta- 
neously with ALU instructions. 

IV. 2920 Inadequacies 

The 2920 circuit has a number of problems which can cause 
difficulties of varying degrees. These include faulty instruc- 
tions as well as gam and offset errors. It should be noted that 
the following comments apply to the 2920-16 (600-nscc 
instruction cycle time). The 400-nsec part (2920-10) is 
unavailable. 

Two instructions fail to work properly. The ABA instruc- 
tion, which takes the absolute value of the contents of a 
source register and then adds it to the contents of a destina- 
tion register, does not execute correctly at 600 nsec. In order 
to use this instruction, the clock rate must be reduced to 
4 MHz or less; otherwise the instruciior should be replaced by 
the sequences ABS and ADD. The second faulty instruction, 
EOP, is used as a jump from the end to the beginning of the 
program, a useful feature when not all 192 ROM locations arc 


needed. The EOP instruction requires a pull-up resistor on 
pin 21 where the pin is connected internally to an open drain 
MOS transistor. The pin is also an input, presumably to a 
MOS transistor gate, for the reset function. Thus in order for 
the EOP instruction to operate properly, the voltage at pin 21 
must go low at the proper time in order to reset the program 
counter. At present, in addition to the pull-up resistor at 
pin 21, a 15-pf capacitor must be connected between pin 21 
and ground for the EOP instruction to work. According to 
Intel, another open drain output at pin 22, OF, does not 
opeiatc properly. This pin goes low when the accumulator 
overflows. 

The 2920 is subject to analog complaints as well. Given a 
reference voltage of +1.000 volts, the maximum analog out- 
put voltage is approximately ±0.93 volts instead of ±1 volt. 
For a 2-V reference, the range is tl.8 V. The 2920 also suffers 
from a large output offset error which varies with the signal 
sign and magnitude. As an example, the offset error measured 
for one 2920 output channel ranged from +13 mV at -0.9 V 
to -62 mV at 0.0 V to -77 mV at +0.9 V. The results of an 
t‘xpenment point to a nonlinearity in the sample-and-hold 
buffers driving the output pins. Whatever the cause, errors of 
this si/e are serious in low-pass filter applications; hence a 
number of fixes have been suggested. 

With the first method an uncommitted output pin is con- 
nected to an unused input. The desired output signal from the 
DAR is first sent to the previously uncommitted output chan- 
nel and then rcad-in to the DAR via the previousl;* unused 
input channel. The difference between the new value in the 
DAR and the original DAR contents is used as a correction ' 
the corrected value is then output to the appropriate channel. 
The success of this method depends on how closely the 
'^uncommitted*’ output channel matches the channel which 
outputs the corrected signal. 

Another scheme chops the signal by alternately multiplying 
it by +1 then -1. The output is capacitively coupled to a 
rectifier which detects the waveform envelope, followed by a 
low-pass filter for smoothing out the sampling pulses. The 
chopping can be accomplished by first loading the DAR with 
the true digital signal representation and converting it to its 
analog value. Then the same number is exclusive or’d with - 1, 
loaded into the DAR and converted to its analog value. Both 
signals are alternately output on the same channel. 

A third method is based on “correction cur\c’* code 
appended to the filter program. The curve is determined 
experimentally bv Drc^ramming the 2920 to act as a wire and 
then applying accurately measured input voltages over the 
range of operation and measuring tiie output voltages. These 
data can be used with the Intel-supplied signal processing 
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compiler software to generate code which multiplies the digital 
value by a correction factor prior to loading into the DAR for 
output. This approach requires a substantial amount of read* 
only memory for good accuracy. 

A revision of the 2920 from the present “D step” to an 
”E step” version is planned by Intel for this summer. To what 
extent the above problems will be solved remains to be seen. 

V. Program Development: Hardware 

The only necessary hardware for 2920 programming is an 
EPROM programmer (and an ultraviolet light EPROM eraser). 
However, in order to take advantage of the support software, 
an Intel Intellec Development System is required. The 2920 
applications software is shipped on both single and double 
density floppy disc formats. Software modules are included 
which utilize the floating-point hardware board option in the 
Intellec; otherwise, software is used for these calculations. A 
special PROM programming card and adapter socket are also 
required for the Intellec PROM programmer. 

VI. Program Development: Software 

Three programs are used to develop code for the 2920: (he 
2920 signal processing applications software/compilei. a 2920 
assembler and a simulator. The applications software/compiler 
program is the centerpiece of the 2920 software development 
scheme. The use of the term “compiler” is appropriate as the 
program enables the engineer to examine and specify filters 
with familiar design terminology which the compiler in turn 
converts into 2920 assembly code. 

The compiler provides the user with three planes, x, Ts, and 
r. and the commands for creating, nuwing and dele*ing poles 
and zeros on these planes. The x plane is used to characterize 
any circuitry preceding the 2920 in the signal path. This is a 
particularly useful feature for modeling anti-aliasing filters. 
Poles and zeros are also placed m the Is and j planes, and it is 
these values which are used to represent the 2920 digital filter. 
The 7x plane is provided for designers who prefer a sampling 
plane that corresponds more closely to the x plane than the : 
plane does. Prior to code generation, the poles and zeros 
placed on the Ts plane are mapped to llie z plane using the 
, sftHm Ts{x*h) where T is the sampling period and 
s(.v ^ f I arc the polc/zero CiH>rdmatos on the Is plane. Readers 
may lecognize this mapping as the “matched z transform.” 
Finally, since the 2920 uses sample-and-hold circuits on the 
analog outputs, it is pv>ssiblc to model this effect as well hv 
using the HOLD ON command. 

The usefulness of the compiler is apparent after the poles 
and zeros for the signal path have been specified, for then it is 


possible to graph, with simple commands, gain and phase as 
functions of frequency. In addition, the step and impulse 
responses of the filter can be displayed. After a suitable 
pole/zero constellation is determined, the compiler is used to 
generate the 2920 assembly code. It is alsi) possible to gener- 
ate code for implementing operations such as limiting or 
rectification. 

Another powerful capability of the compiler is the macro 
feature. A macro is a compiler directive which executes 
sequences of compiler commands upon invocation of (he 
macro name. Macros are utilized where repetitive sections of 
code are required or for designing a family of filters, where the 
structure is the same but parameters such as cutoff frequency 
and ripple vary. The compiler comes with a number of macros 
including ones for generating Butterworth and Chebyshev fil- 
ters. The user can also write and save new ones. 

Another helpful aid is an arithmetic interpreter which 
allows the user to enter a Fortran-like mathematical expression 
for evaluation. An extremely valuable option is the ability of 
the compiler to create a file which contains a record of all 
subsequent compiler commands and responses. This is an aid 
for reviewing previous design sessions. 

The compiler has some drawbacks which the user should be 
aware of. First, the matched z transform which is used to map 
from the Ts to z plane can give incorrect results (c.g., when the 
zeros m (he Ts plane have center frequencies greater than half 
the sampling frequency (Ref. 1)). Another difficulty occurs 
when the compiler generates 2920 assembly code. The code 
for each pole and/or zero is produced independently of the 
previous poles and zeros; hence it is necessary to use equiva- 
lence statements such as OUTPl EQU 1NPZ2 to link the 
output variable of a pole oi zero to the input variable for the 
next pole or zero. A similar procedure is required for connect- 
ing the analog input and output routines to the rest of the 
filter code. Finally, the gain calculation occasionally suffered 
from overflow . 

The 2920 assembler is an easy-to-use program that can be 
invoked, along with options, with a single command. The 
assembler terminates after the creation of an object file sun 
able for loading into the 2920 EPROM and a list file showine 
the original assembly code and its address assignment in tiu 
2920. An imfKirtant debug option is available which, when 
used in conjunction with the simulator (see below) enables the 
designei to reference 2920 memory locations with the same 
symbolic names as specified in the assembly code provided the 
names arc preceded by “RAM.” or ”ROM.” ROM instructions 
can be altered using symbolic code also. 
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The 2920 simulator is the other significant piece of soft- 
ware that Intel provides. Using as input the object code gener- 
ated by the assembler, the simulator interprets the 2920 code 
instruction by instruction. It is similar in operation to software 
debuggers as it provides a breakpoint, a bieakpoint qualifier 
(i.e., those conditions which must be met at, and prior to, the 
breakpoint), and a trace feature which saves the values of 
selected analog inputs and outputs as well as the contents of 
2920 memory locations as a function of time or iteration 
number. Also the simulation can be halted so that chosen 
memory location*', etc., may be displayed. The simulator also 
provides a ''calculator" feature similar to the compiler; how- 
ever, It does not accept numbers in scientific format (e.g., 
4.2E5). unlike the compiler version, an omission which is quite 
annoying. 

It is recommended that the simulator be used in conjunc- 
tion with a floating point hardware board in order to speed up 
calculations. Anotlier time-wasting operation is the simulation 
of input and output conversion codes. Thus, in order to reduce 
execution tune it is worth the bother to create a "streamlined" 
version of the assembly code tor submittal to the simulator. 
Even this will not be satisfactory for simulations which must 
evaluate the 2920 over minutes, not just seconds. One simula- 
tion carried out during the course of the project required 4 
days to generate 15 minutes worth of data. Users should also 
be aware (hat the RAM locations in the simulator representing 
the 2920 RAM are not cleaied prior to execution of the 
simulation. It apj>cars, however, (hat the 2920 circuit RAM is 
not cleared and indeed has random values on power-up, so this 
is perhaps a "realistic" (if unwitting) simulation. The simulator 
allows users to initialize RAM locations if desired. 

The simulator's analog output values include an added 
offset eiror representing the error incurred by conversion of 
the two's complement digital representation to a sign magni- 
tude formal in the 2920 D-to-A converter. As the offset errors 
seen on actual 2920 devices are large, the simulator offset 
error is negligible. 

One other inconvenience is that the simulator must be 
informed of the lime required to execute one complete pass of 
the code. It would be desirable to specify (he execution time 
for a single instruction instead and let the simulator figure out 
the rest. Nevertheless, the simulator along with the compiler 
and assembler are indispensible foi the development of 2920 
code in a reasonable amount of time. 

All the software operated flawlessly. None of the programs 
entered stales from which (here was no return. Some of the 
terminology could have been coordinated better. One LOADs 


a file in the simulator but INCLUDES a file in the compiler, 
for example, and the "calculator” feature was not identical in 
both the simulator and compiler. Nevertheless, these are small 
gripes about smooth-operating software. The compiler and 
simulator have HELP commands which provide the user with 
explanations about program commands. These were not found 
to be useful. 

VII. Software Documentation 

Three manuals accompanied the software - one each for 
the assembler, compiler and simulator. There is very little 
overlap of information. 

The 2920 Assembly Language Manual (Intel No. 9800987- 
01) discusses the 2920 functional elements, instructions and 
assembly language symbols and format. One chapter describes 
design techniques including multiplication and division meth- 
ods. The bit patterns of the 2920 instructions are presented 
in an appendix. Two other appendices are devoted to carry 
and overflow and two's complement data handling considera- 
tions. This information is important and is not repeated 
elsewhere. 

The 2920 Signal Processing Applications Software/ 
Compiler User's Guide (No. I2I5294X)3, Rev. B) is the least 
accessible of the three manuals. The guide does not give a 
satisfying overview of the design approach instead, a 
"sample session" of 19 pages is presented for the reader to 
glean whatever information he can. Most of the manual is 
devoted to compiler command definitions, which are not 
always clear. Listings are included for the macros which have 
been supplied with the compiler. Some of (he more useful data 
are in the appendices under “Notes and Cautions." "Design of 
Complex Digital Filters Used in the 2920," and "Formulas 
Used by the SPAS20 Compiler." In short, it is more of a 
reference manual than a user’s guide. 

On the other hand, the "2920 Simulator User’s Guide" 
(No. 9800988-02 Rev. B) is easier to assimilate due, in part, to 
its brevity. The commands are not involved so the user can get 
started quickly. 

A fourth document is necessary for programming the 2920; 
"Universal PROM Programmer User's Manual" (No. 98008 19- 
01). Sections 5-33 through 5-38 are devoted to programming 
the 2920 EPROM. Although somewhat understandable, an 
example showing the required commands would be of great 
value if only as a time-saver. To summarize, users will find it 
necessary to familiarize themselves with all three software 
manuals. 
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VIII. other Documentation 

Intel publishes two other pieces of literature which arc 
worth reading. The “2920 Analog Signal Processor Design 
Handbook" is a nonmaihcmaticai tutorial in digital signal 
processing followed by a discussion of the 2920 architecture. 
Subsequent chapters deal with realizing arithmetic functions 
(similar to the discussion in the assembly language manual), 
oscillators and nonlinear functions, different filter types, 
implementation teclmiques, etc. Design examples are shown 
including one section on breadboarding. A weak chapter on 
the software support programs (i.e., compiler, simulator, etc.) 
is included. For designers who are considering the 2920 as a 
filter candidate and need a detailed discussion of the 2920, 
this book is the recommended one. 

The final document which should be consulted is the 
“2920-16 Signal Processor” data sheet (October 1980, marked 


“Preliminary”). Unlike the earlier data sheet “2920-10” 
(which incidentally refers to a lO-MH/ 2920 not mentioned on 
the newer sheet) this paper provides specifications on the 
analog peiformance of the device, although no mention is 
made of the inadequacies cited in Section IV above. The 
documenti presents the only good discussion of input and 
output code-timing requirements. 


IX. Conclusion 

The concepts embodied by the 2920 device represent a 
formidable tool for realizing compact digital filters. The soft- 
ware support is excellent. However, new users sliould be cogni- 
zant of 2920 device problems. 
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High-Power Transmitter Automation - Part II 

M. A. Gregg 

Radio Frequ«ncy and Microwav« Subtyttemt Section 


This report describes the aitrent status of the transmitter automation development. 
The w yrk being done is arplU able to all transmitters in the Deep Space Network. New 
interface and software designs are described which improve reliability and reduce the time 
required for subsystem turthon and klystron saturation. 


I. Introduction 

The henefits of transmUlcr automation are the reduction of 
life cycle emts and increased availability. Life cycle costs will 
be reduced ntU only bv the requirement for fewer operators, 
but also by more effective preventive maintenance througli 
increased and more accurate reporting of critical uibsystem 
paiameters. Increased availability will be provided by eliminat- 
ing the need for i>pe rations personnel on evening and weekend 
shifts. Automatic fault diagnosis and programmed recovery 
procedures will also increase availability. 

The development work currently being done for the DSS 13 
100-kW S-band transmitter is applicable to all other known or 
planned transmitters in the Deep Space Net (DSN) including 
the X-band uplink development at DSS 13. The difference in 
operational parameters of the various transmitters is provided 
for by including a configuration table installed on an individ- 
ual PROM (programmable readonly memory) for each 
klystron (or multiple klystrons) at an individual station. Since 
each klystron has its own table, a change of klystron due to 
failure, repair, or replacement requires only a single PROM 
programmed and delivered to the station with the klystron. 
Hus will allow the PROM to be installed directly at the kly- 
stron in the tuture. Die configuration table (sliown in Fig. 1) 
was discussed in Ref 1 . 


II. History 

Prior history was discussed m Ref 1. Current equipment 
used includes the latest multibus microprocessors (lCS-80) 
using an 80/ 204 CPU with 9 k-bytes of RAM, 24 digital 
output lines, and a PROM card for program storage. Communi- 
caiitm IS provided by a SBC-534 module with ftiur RS-232C 
ports. A SBC'519 input-output card provides for 72 digital 
input signals. A 32-channel differential input multiplexer and 
analog-Uvdigital converter is used for analog inputs (only 16 
channels are used in the transmitter at this ome). This con- 
troller IS located in the Local Control Ctmsole (LCC). with a 
second cuntroller (without the interfaces) located at the con- 
trol rtH>m in the Remote Control Console (RCC), where this 
controller acts solely as a communications buffer for the 
15-line standard interface to the Station Controller. 


ill. New Hardware 

The new Ciintrollcr :s based on the Intel Industrial Control 
Series (ICS), changing only the package design from an ICS-80 
chassis ti> an ISBC 660 chassis, which still uses the standard 
ISBC 640 power supply. The interface modules have been 
changed Irom the Intel ICS 910 and 920, to a common 
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distributed plug-in type module having a higher driving capa- 
bility. The interface between the transmitter controllers is a 
serial interface tRS-232C) through short haul modems as 
shown in the block diagram of the transmitter controller 
(Fig. 2). 

The automation of the heat exchangers ts complete and 
operationah wi^h the louvers thermostatically controlled upon 
demand of the system. The heat exchanger at DSS 13 is in 
three bays and has a separate set of louvers for each bay (see 
Fig. 3). As the system pt>wer increases, the heat exchanger 
automatically adds more c\>oling capability to the heat 
exchanger by opening another set of louvers and turning on 
another cooling fan. 

IV. Software 

The software conforms to the top-down structured method- 
ology, using 100% PL/M. The communications is being investi- 
gated with regard to the use of an RMX-80 interrupt system. 


which may speed up the communications and allow better 
access to the program through the CRT. A compc«itc top-level 
flow chart is shown in Fig. 4. The pn^rams are separated into 
three parts consisting of the RMX, XMTR, and COMM pnv 
grams. The RMX program resides in PROMs on the ^ 'PU board 
and provides the communications and control of the priorities 
of the individual tasks. 'Fhc XMTR program is the operating 
program of the system and operates the transnutter and verifies 
the operating parameters. The COMM program resides in 
PROMs on 3 CPU board atid provides the communications 
between the main controller and the remote controller. 


V. PrMent Status 

Testing of the controller with the transmitter simulator is 
presently being conducted in order to improve the operating 
system and add engineering changes into the programs. Also 
being added are system calibrations, using new temperature 
sensors and water flow devices. 


Reference 

I, Gosline, R., “Higli Powcr Transmitter Automation,” in The TDA Priyf^ess Refhirt 
42-57^ March and April 1^80, pp. 71-81. Jet Propulsion laboratory, Pasadena. Calif , 
June 15, 1^80. 
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We consider here a single-frequency communication system consisting of K possibly 
moving users distributed in space simultaneously communicating with a central station 
equipped with a computationally adapted array of n> K antennas. Such a configuration 
could result if K spacecraft were to be simultaneously tracked by a single DSN complex 
consisting of an n antennas array The array employs K sets of n weights to segregate the 
signals received from the K users. The weights are determined by direct computation 
based on known position information of the K users. Currently known techniques require 
(for n = K) about (4j3)K^ computer ^'operations'' (multiply and add) to perform such 
computations. We develop here an improved technique that accomplishes this same goal 
in S operations, yielding a reduction by a factor of K/6. 


I. Introduction 

Consider a narrow-band communicalion system consisting 
of a central station trying to simultaneously receive signals 
from K spatially distinct users sliaring the same frequency. 
Assume, further, that the continuously varying geometry of 
the network (positions of the users relative to the central 
station) is known to the central station. A reasonable approach 
to such a multiple access system may be based on equipping 
the central station witli an n-elenient antenna array where* 

n>K, (1) 

and providing tlxis array with K processors, each of whidi 
treats one specific signal ^ ^urce as the desired signal and the 


*When n < K we do not have enough degrees of freedom to accom- 
modate all K users (see Ref. 4). In this preliminary analysis it is 
reasonable to assume n ~ K. However, there are indications that a 
somewhat larger n would decrease the incidence of momentary patho- 
logical geometric configurations of the network (see Appendix). With 
this in mind, we preserve the distinction between n and K throughout 
this paper. 


remaining (A-1) sources as jammers. The kih processor would 
thus enhance the message of source k wliile attenuating all 
other sources (see Fig. I ). 

The actual implementation of such a processor involves 
multiplying the output of each array element by a complex 
weight and summmg these weighted outputs to deliver the 
processor's output. Tlie crucial task here is the determination 
of the nK weights (rt weights for each one of the K proces- 
sors). The equations yielding these weiglUs as functions of the 
system’s parameters have been known for quite some time 
(Refs. 1.2) and have been widely applied in the field of 
adaptive arrays. Here we propose to proceed differently and 
apply these equations to solve for the weiglits directly. Let us 
elaborate: An adaptive array usually operates under the prem- 
ise that the locations of the various transmitters are unknown 
to its processor. Its operation may be visualized as consisting, 
in principle, of two distinct parts: 

(1) Extracting from the received signals the unknown 
parameters pertaining to tlie geometry of the network 
(using cross-correlators). 
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(2) Using this information to set up and solve (iteratively) 
the eigenvalue equation yielding the optimal weights. 

In ou' case, the first step is superfluous since the network 
geometry is assumed known at any instant of time. Further- 
more, it is well known (Refs. 1, 2) that the eigenvalue equa- 
tion for the weight of each processor is a particularly simple 
one which reduces to a set of n linear equations (with complex 
coefficients). It can be shown tliat a straightforward applica- 
tion of these equations to our problem yields the Kn weiglits 
with an investment of (4/3)A>i^ > {4I3)K^ computer “opera- 
tions/’ (A computer ”oi>eration’’ is defined here as one real 
addition plus one real multiplication.) 


Now, it sliould be borne m mind that the feasibility and 
ultimate limitation the scheme proposed liere depend on 
(he speed with which these computations can be carried out. 
Assume that we have the proper weights for a given geometri- 
cal configuration of sources. As time gees on, tfie sources 
move, leading to a different configuration requiring a new set 
of weights. The obvious st>eed constraint requires that the time 
taken to compute a new set of weights should be shorter than 
the lime it takes the system geometry to change to such an 
extent that the older weights lead to unacceptable reductions 
in the SNR's. 


The fact that the computational load increases with the 4th 
power of the number of members in the network imposes a 
severe constraint on tlie network si/e that ran be accom- 
modated with this approach. Our main puipose here is to show 
that by utilizing a recent analysis of adaptive arrays (Ref. 4) 
we get a computational load that increases only as the 3rd 
power of A". More specifically, tlie new scheme proposed here 
reduces the number of computations by the factor K/t. 

It should be pointed out that the value A'/6 is arrived at 
under the constraint A » 1. Thus, the seeming implication 
that for A <6 the new scheme is inferior to the old one is 
false. f\s a matter of fact, the new scheme requires fewer 
oi'jerations in all cases, saving at least (4/3)A>r' (1 - A'*/«') 
oj>erations eacli time we compute the weiglits. For/i = A', this 
IS a saving of (4/3 lA'* (I 1 /A ) operations. 

The weights are derived here in the context of a one-way 
communication network from the outlying members to (he 
central station. Thus, the array operates as a receiving antenna. 
It should be pointed out, though that there arc well-known 
techniques whereby the leceplion-nuxle weiglits can be uti- 
lized to generate the same directivity pattern in a transmission 


mode. Thus the method proposed here is applicable to a 
two-way communication system. 

It should be apparent that a communication network of the 
type considered liere will require a number of detailed studies 
before it materializes as an operational deployed system. Our 
objective here is a limited one, namely, the development of the 
new method of weights determination which makes such a 
system feasible for a network of reasonable size. 


II. Formulation of the Problem 

As our development here is based on the formulation devel- 
oped in Ref. 4, we start with an introduction of the notation 
and formalism used there. The reader interested in the under- 
lying derivations should consult Ref. 4. 

l^t the array consist of n antennas and let G^(p) be the 
voltage antenna pattern of element r of the array, where p is a 
unit position vector. (Througliout this article, barred .'ariables 
ami bold face variables represent vectors.) We assume that the 
receivers fed by eacli antenna have identical thermal noise 
characteristics and denote by tlie tliermal noise power 
referred to tlie terminals of each antenna. 

To prescribe the geometry of the array and the network, we 
choose an arbitrary reference point in the array and use it as 
the origin for two sets of position vectors » 

where is the position vector of the rth array clement divided 
by the wavelength, and p^ is the unit vector pointing to source 
k (see Fig. 2). To complete the description of the network, we 
assume rn>w a hypothetical isotropic antenna located at the 
array’s reference pi^int and use it to define the incident powers 
oi the network souices. Specifically, we denote by tiie 
power delivered from source k to tlic terminals of the refer- 
ence antenna is real positive). We see then that the overall 
system is prescribed in terms of the following parameters 






As shown in Ref. 4, the analysis of the system is most 
conveniently handled in terms of entities derived from these 
parameters, namely, a set of complex, normalized vectors 
1 abstract n-dimensional space the excitation 

vectors, and a set of scalars|e^|j^ i » power parameters. 
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l-et |g,}"=) be an orthonormal basis in the n -dimensional 
space; that is,^ 

g,* • g, = 0 ',/ = 1,2 n) ( 2 ) 

and let 

ft 

^ = E V8, (31 

r \ 

where 

(\<k<KA<r<n) 


is the voltage at the terminals of the rth antenna due to source 
k. The power parameters are defined as 



is a normalized version of v^ ; that is, 


(5) 



More explicitly, this means 

n 

“ E “*r«r 

r^l 

with 



( 6 ) 


(7) 


( 8 ) 




[power of signal from source k] 
j (thermal noise power! | 

[[power of signals from other (/^-l) sources]) 


(10) 


The basic task facing us is the determination of the optimal 
weights in each of the K processors, that is, the weights that 
maximize the 7 ^’s. Here, we a^^opt a more meaningful design 
parameter, namely, 



where 9^^ is the “available SNR“ (Ref, 4) of processor k, that 
is, the maximal achieved when all other sources arc 
removed. We refer to as the normalized SNR. Obviously, 

( 12 ) 

and the combination of weights that maximizes 7 ^ will also 
maximize . 

Let be the optimal weight multip’. ing the output of 
the rth antenna in the kxh processor, Wc define now the 
optimal weights-vector for the kXh processor 


w* = 5])H'J,g, 0<k<K) (13) 

r--| 


It is sliown in Ref, 4 that these vectors lie in the subspacc 
spanned by the set|u,j{^,j. Therefore, we are at liberty to 
adopt the following Jternative representation for w^: 


w 


k 


i 


CO, u 

kt f 


(14) 


Finally, wc find that wc hav'C to deal with all possible scalar 
products of the -vectors. Hence the notation 


Consider now the ^th processor and let 7 ^ be its output 
SNR defined as follows: 


^Thc asterisk (•) denotes complex conjuMtion. In handling vectors 
over the field of complex numbers, wc adopt the approach of Morae 
and Feshbach (Ref. 5). A short summary is given in Appendix A of 
Ref 4 . 


where r is the rank of the set; that is, r is the size of its 

largest subset which is linearly independent. (In (14) it is 
implied that^thc sources arc numbered in such a way U\at the 
rank of isr) 

It turns out that the value of r has far-reaching implications 
for the system's performance. We examine these in the Appen- 
dix and proceed here under the assumption (shown there to be 
reasonable) 

(15) 
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so that 


w 


k 


K 


> : t 


CO. u 
kr r 


(16) 


Now. since the set is a solution of a homogeneous set 

of equations, we may impose for each k the arbitrary condi- 
tion^ 


= I (1 <k<^K) Cl) 


In adopting the (16) representation \^e are transforming the 
weights problem into that of finding the coefficients It 
turns out that this simple change of representation is the 
crucial step which ultimately leads to the significant speed 
advantage mentioned in Section I. The underlying, more fun- 
damental reason for the emergence of a different algorithm 
(wliich. fortunately, happens to be more efficient) is that, in 
adopting the (16) representation, we are led to a different set 
of equations involving the This is explained more fully 
at the end of Section III, 


thus, getting: 
/"I 


Let us denote by A/ the A' X A* matrix whose (/ ,;) element is 




(2.t) 


ill. The Weights Equation 

We have showm in Ref. 4 that when the desired signal is 
source number 1 . the optimal cj,/s are given by^ 

= 0 (/ = 1) (17) 

. 

= 0 C</<A) (18) 

/ 1 


Equation (22) now reads 

Z«l, <24) 

/ I 


But this implies that 


CO 


A; 


<M~') 


/A 


(25) 


In other words, the co-weights of processor k are just the A:th 
column of ‘ . Inverting Af will thus yield all the co^/s. 


The v'alidity of (21) (see footmue 4) can now be verified. 
From (o), (^) we infer that 


Equations ( 1 7). ( 1 8) form a homogeneous set of equations for 
the coj^'s. We now combine and reformulate them as the 
following nonhomogencous set : 

K 

£ + f = 6,, (»', +<=,)w„ U</<A) 

f- I 

(1^) 

Ihe generalization of (1^) to the co^ \ of the ^th processor is 
trivial, namely, 

A 

E (w ♦eft ) c*;. 

' 1/ t tf A I 

/ I 


w,, = 1 (26) 

Hence (23, A*2), |A/1 is closely approximated by theGramian 
(Ref. 6) of juj^ji^ , , wliich is nonzero since r = A, This means 
that a solution of (20) exists only if / 0, 

An incidental result of the obtained solution is simple 
formulae for the SNR's realized by the optimal weights. From 
(21 ) we get 


Equivalently (see 1 1 . A-l ). 







'these follow directly from (4.I8M4.22) ol Ref. 4 >shen we rccjill that 
we proceed here under the assumption 7= A. 


^ There is an implied assumption here that # 0. This i$ justified 
later on 
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Having solved for the we now have to find the 

corresponding physical weights This follows in a straight* 
forward manner from the two representations of w^ (13. 16). 
Starting with ( 13). we find that 

^ ' < = Z ^ • «/* = Z = <1 (2'>) 

r\ r I 

But ( 16). ( 1 7) yield 

K 

I I 

" Z Z «, • = Z ‘^A, % OO) 

/ I r I M 

Hence, combining these two results, we obtain 

A. 

= 21) uj*, »<* {\ <k<K:l <n) (31) 

i t 

Let us now regard as the (A. /) element of a A X n 
matrix H’. Similarly, let be the (/. /) element of a A X n 
matrix U. Recalling now that ^ the (/. k) element of the 
matrix 3/“*. we conclude that (31) is equivalent to^ 

w = (37 = iM*) ^ ir (32) 

But M is hermitian.^ Hence 

IV = 3f * (33) 

or equivalently. 

MW ^ If" (34) 

This i" <>ur main result. We already know' tlut (34) is much 
more efficient ilian tne result based on the direct apprvKich. 
But the do not appear in (34) and if we recall definitions 
(^). (23). we conclude that both approaches >ield equations 
relating j"\,{ '^'bat is the difference then between these 

^rhc'<\mNq ' irulkatCN iranspoxitu'n 
^1 roni (*.M. 

{M*) = (u* • u ) ♦ « A 

' // ft I ft it t If 


two sets of equations involving the same entities? An examina- 
tion reveals a very simple answer: The Ath equation of the 
direct approach set involves the weights of all antenna ele- 
ments in the Ath processor. . The rth equation of the 

indirect approach involves all the weights in all the processors 
connected to the rth antenna clement, . 


IV. Operations Count 

Wc propose now to solve (34) by the LU decomposition 
method (Ref. 3). Specifically, we express the matrix M as 

M = y' V/ (35) 


where V' is a A X A’ lower triangular matrix with units along 
the diagonal and V/ is a A X A upper triangular matrix. This 
dccompi^sition requires (4/3)A'^ operations^ and transforms 
(34) into 

.^J'^/W == U" (36) 

Denoting 

^/W = 3T. (37) 

we obtain 

(38) 

Tlic solution now is quite simple: Starting with (38), wc solve 
for V. Since 7' is lower triangular, tliis solution is trivial 
requiring 2A*-n operations. Having done that, we substitute 
in (37). getting W trivially with an adutional investment of 
IK^n operations. 

In addition to the above operations, we have to consider 
the extra »'omputations required to transform the physical 
parameters into those of (34) Since the operations count for 
the solution of (34) involves 3rd order terms (A^. A^w). wc 
may ignore computations leading to lower order terms. 
Strictly speaking, this leaves us with only the 2A'^ operations 


siful \ubu*quen!l> . tht* vqKrjtiom counts jre actually nuj|li> 
nomiah m k, n Sifuv m w stems ut interest > A’ * • I, vke 
approximate ejih multinomial by its highest order term. Note als4> 
that multiplying tsxo complex numbers and adding then puniuct to 
amithei ctmiplex number, requires 4 operations. 
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required to compute from Hoivcver, the computa- 
tion of the Uf^/s themselves rcviuires A'r? pcdar-cartesian conver- 
sions ’ Taking a conservative attitude, we allot (2/31A^/n 
operations per conversion, gcttiiig a grand total of 2KH 1 3 

nlK) operations per set of weights. For n = A, this reduces to 
8A'^ operations. 

Let us compare these results to the direct method. It can be 
shown that, in this case, we have to perform IM decomposi- 
tion on A different «th order complex matrices. Hence we 
have here an investment of (4/3)Afi^ operations. The remain- 
ing computations have 3rd order computation counts which, 
however, are larger than the corresponding terms in the new 
scheme. Therefore, the number of operations saved in the new 
scheme is greater than 



For n = A this reduces to a saving of at least (4/3)A^ (I - 1/A) 
operations. Alternatively, for A » 1, the ratio of the num- 
ber of operations in the two scheme is 



in favor of the new scheme. For n = A, tins reduces to A/6. 


V. Parallel Computation 

Given the available hardware and the number of operations 
as computed in the last section, we can easily get the fre- 
quency of possible upitates for a single arithmetic unit per- 
forming all computations serially. If it turns out that knowl- 
edge of the velocity vectors of the network members can yield 
sufficiently accurate short-term predictions of their position 
vectors, then pipelining can be employed to increase the fre- 
quency of updates and/or increase the network si?e. Let us 
examine the possibilities here. For n = A. the 8A^ operations 


assume at’ array elements tit be iilenticai and aligned so that 
in (41 IS repla^Yd by leading to only K pattern computa- 
tions. Quite complex pattern formulae would thus have a negltgible 
effect on the operations count. 

IS imtiallv computed in a pobr form according to (81, (4 1 and then 
converted to cartesian torm for the subsequent computations 


are divided roughly equally among four tasks which can be 
pipelined as follows: 

(1) Computing Af. 

(2) LU deconiposition of M, 

(3) Solving for A. 

^ Mving for W. 

We assign one arithmetic unit (AU) to each one of these 
four t.isks and allot them the time required to perform 2A^ 
operations. This is the correct value for tasks 1, 3, 4 if we 
assign to task 1 an additional special-purpose chip for the A^ 
polar-cartesian conversions,'® It is longer than needed for 
task 2 ((4/3)A^ operations) so we have the option of using 
here a slower (and cheaper) AU. 

With this scheme, we could update every 2A^ operations. It 
is important to remember, though, that the m^^'s computed in 
task I should not be based on the current p^’s but rather on 
the predicted to hold when the corresponding W comes 
out at the end of task 4. Thus, our prediction has to be good 4 
pipelining cycles ahead. 

It should be pointed out that tasks 3, 4 allow n-fold 
paralleling. If other parts of the system call for a slow micro- 
prcKessor allotted to each antenna," then these n micro- 
processors could perform tasks 3 and 4 as an additional duty. 
To see this, consider equation (38): X\ U are A X n matrices. 
The microprocessor of the rth antenna can solve for the rth 
column v>f A in A^ operations and, having done that, proceed 
to equation (37) and solve for the rth column of W in another 
A^ operations. Thus, in 2A^ operations this microprocessor 
will have obtained all the weights needed by the rth antenna. 
During that time, the fast processors assigned to tasks 1, 2 
perform about 2A^ operations. We see, therefore, that the 
antenna micropiocessor may be quite slow and yet keep up 
with the pipelining rhythm and its other tasks, 

Needless to say, there is still much to be studied and 
analyzed prior to embarking on the design of a multiple access 
system of tlie type described here. We believe, though, that 
sufficient merit and promise have been demonstrated here to 
warrant such further studies. 


These can be carrwd i»ui in parallel with the mam cITori ol task I 
cvmiputing | 

" I or example, to digitally wt the weights multiplying its output. 
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Appendix A 

Pathological Excitation-Vectors Configurations 


Wc turn now to (b). First, let us pi>inl out that given r and 
given a specific set of r linearly independent vectors*^ . we can 
certainly modify our formulation so as to avoid the singular- 
ity. We present here a brief sketch of this approach based on 
the developments in Ref. 4: Equation (34) is still valid but M 
is now an ? X r matrix with 

M = w . f-c (ft ) (A-3) 

where 



and is defined by 

T 

u = Q u (r<s<A) (A-5) 

S Xt I 

I 1 

Finally, (2 1 ) ,s replaced by 

r 

(A4>) 

Equation (34) will now yield the {g^j components ot ^ 

As we have indicated before, the (A' ?) puK'esstirs 1, 

r f" 2 K will yield unacceptably low SNR's s*> there is no 

need to compute , and we see that (34) yields the 

complete sidution. 


The dimensionality of the vectors is n, whereas their 
number is A </i. This implies that if we were to select the 
vectors at random, they would most likely be linearly indepen- 
dent and thus display f =A'. However, in a constantly varying 
geometrical cof^figuration of sources, it is reasonable to expect 
from time to time short-lived pathological configurations 
wliich liavc ?<K. We refer to such configurations as rank- 
deficient. A simple, obvious example is a configuration i ^ 
which the angular separation of two users (indexed ij) 
becomes small Si> that p, ^ and hence u, u^. Needless to 
say, there are many situations where the cause of rmk- 
deficiency is not so obvious. 

The eftect of rank -deficiency on the system is two-fold: 

(a) The system will fail to provide adequate services to 
5^jme users. Obviously, if we go to the extreme of 
p^ = p^ in the above example, no choice of weiglits 
could distinguish between users i and /. 

(b) The whole system could collapse if we arc not aware of 
the rank-deficiency and are thus led to ill-conditioned 
equations for the weights. 

l^t us consider (a) first: It is easy to show (Ref. 4) that 
the '^available SNR" of processor k, is given by 



Theretore, tn the system design we must make sure that 

e^«I (l<kvA) (A-2) 

But. under these conditions, we can invoke thert>em (S.l 5) of 
Ref. 4, which may be rephrased to state that if of the 
desired simice is expressible as a linear combination of the u/s 
of the other souices. then « 1 Now, if the rank of 
|u^}j^ I IS r vA, then at least (A r) of the u^’s fall into this 
categor> . Therefore, even if we succeed in obtaining error-free 
values (or the weiglits. the relevant {k r) pn>a'ssors will still 
perform very piHuly. delivering 7^ « 7^ (ID In other 
words. (A ?) of the links will be non-sciviceabL*. But this 
does not mean tliat the other ? links will provide satisfactory 
service. One could certainly ctmceive of a rank-deficient vector 
set in which each and every member of the set is expressible as 
a linear combination of the other members of the set. All we 
can say here is that (A - ?) is a lower bound on the number of 
malfunctioning links. 


Though this approach r. matliematically sound, it di>es raise 
serious questions concerning the extra cost cf determining r 
and selecting a corresponding set of linearly indepen ,it u^'s. 
We luve not liKiked into this in detail but, assummg the cost is 
prohibitive, we propose here an alternative line of attack btiscd 
on a combinatu»n of three partial "fixes" one for a special 
but rather important circumstance and the other two of rm^re 
general applicability. 


We issumv tor ion^tnienitr ihjl ihe\ ire numbereil I, .7“ 
IS i invul nuHliticitton ol i»t Rel 4 



The special circumstance we consider is that of u^ ^ 
{itj). This covers the example cited earlier but is more 
general since the functional dependence of u, on is such that 
widely different p/s may yield identical u/s. Our strategy here 
is to forego links /,/ altogether but combine their effect on the 
rest of the system in a single vector (say) u, and a modified e. 
to account for the combined pi>wer of both sources. Obvi- 
ously, if the original rank deficiency was due to then 

removal of would rectify the situation. 

The implementation of such a scheme is quite simple and 
straightforward: In computing the for the M matrix^ we 
set a gate to “sound the alarm” whenever 1 1 - falls below 
a certain small tolerance*"*. The reaction to this “alarm” is 
simple t(K) Eliminate (say) and replace c, by where 



Note that this same algorithm is applicable to any number of 
colinearu/s. 

The other two “fixes” are: 

(1) Increase the difference (n - K). This increases the 
dimensionality of each and thereby decreases the 
likeUhood ofr<K. 

(2) Devise a network protocol geared to overcome the 
effects of short-term fading. 


14 


Ketali that m,; ti complex 


Obviously, these are just outlines and the whole subject merits 
further study. 
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The Effect of Noisy Carrier Reference on 
Telemetry with Baseband Arraying 

D. Divsaiar, 0. Hansen, and J. H. Yuen 
Telecommunications Systems Section 


Antenna arraying is coherently adding individually received signals from different 
receiving stations to improve telemetry performance. The array configuration of the 
current DSN Network Consolidation Project (NCP) will consist of a 1 4-meter station and 
three 34-mcter stations. 

This article examines the effect of noisy carrier reference on telemetry link perfor- 
mance in . as NCP configuration when individually received signals are combined at 
baseband. This imperfect carrier reference causes a degradation in detection performance 
in coherent communication systems. A measure of this degradation is the radio loss, 
which is the amount of increase in data signal- to-noise ratio (SNR) per bit required to 
achieve the same bit error rate when carrier reference is perfect. Performance analysis and 
numerical results are obtained for the Voyager high rate telemetry* link with maximum 
likelihood convolutional decoding. 

The arraying of antennas provides not only improved performance due to an increase 
in effective antenna aperture, but also a decrease in radio loss with respect to a single 
antenna. This telemetry link performance improvement ’S a function of the carrier loop 
SNR and data hit error rate. When the carrier loop ^ R*s are low. it provides a significant 
improvement in the telemetry link performance since the decrease in radio loss with 
respect to a single station is substantial. 

i. Introduction 

Antenna anaying is a teclinique for coherently adding the 
leceived signals from different stations in order to achieve 
improved downlink telemetry performance. Previous articles in 
the DSN Progress Report (Refs. 1 and 2) discuss the use of 
arraying. Wilck talked about the baseband combiner u^ed to 
array the signals from DSS’s 12, 13 and 14 for Mariner 10. 

Arraying provided a 0.8-dB gain in telemetry signal-to-noise 
ratio. Brockman discussed carrier arraying for improved track- 
ing capabilit;, . 

In this report we consider baseband arraying of N stations. 

Results are applied to sr array consisting of a 64-meter station 
and three 34-meter stations, which is the current DSN NCP 


configuration. Radio loss for a high rate telemetry link is 
analyzed when baseband arraying is used to add the signals. In 
this analysis we have assumed that the subcarrier tracking and 
symbol syncluonization are perfect. It is also assumed thai 
there is no carrier arraying. Numerical results are obtained for 
the Voyager higli rate telemetry link with maximum likelihood 
decoding. Performance analysis shows that the bit error rate is 
less sensitive to the noisy carrier phase reference when lase- 
band arraying is employed than when a single station is used. 

ii. System Model and Performance 

A system for baseband arraying of N stations is depicted in 
Fig. 1. Consider the case where the telemetry signal is an RF 
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carrier thal is phasc-moilulaled bv a sijuarewavc subcarrier (Sin 
/) al a iH\ik movliilation index (K The subcarner is bi-phase 
imnlulated wiili a binary data stream D{(), The telemetry 
signal can be expressed (without loss of generality, assume 
station Das 


The corresponding loop signal to noise ratios are 


cos^ 

"" ;V„ B, r 

Oi 1,1 I 


< = 1 ,:, 




S^it) 


\J sin (to ./ . + />(/) 0 bin (to^^7 + )> ^ n^{t) 

(D 

where is tlic total received power, to^. is tlie carrier radian 
frequency, is the carrier phase, to^^^. is the subcarrier radian 
frequency, is the subcarrier phase, and n^(() is the addi- 
tive white (Gaussian noise with two-sided spectral density 
\J2. 

The signal S^(() is coherently demodulated to the sub- 
carrier frequency by a reference signal generated by the carriei 
tracking loop. 


r^(r) -- - cv- (to / + (-) 

where 0,^ is (he IM I estimate t>f (he carnei phase, 
fhe resulting data signal for station 1 is 

> ,(/) >’,(/) r,(/) 

” sin (^ />(/) bin (to^. r +0^^ )cos(pj +Wj(/) 

(3) 


where is the one-sided noise spectral density for ;r,(/) in 
station /, and is the limiter |>erformance factor (Refs. 
and 4). 

The received signals should l>e syncluonized. To do so, the 
relative time delay r, fi>r each station should be known. Here it 
IS assumed that i - 1.2 is perfectly estimated; i.e.. 

f = T, ;i = 1,2.3 (M 

Now, we delay the signal from station / by ?y ~ weight 
the signal from station / by the constant d, (let = 1) and add 
coherently, nearly the indejKndent additive noise:. ri^(/) from 
each receiver add incoherently, or in a mean square sense. 

I he lesultant signal can be wiitten as 
\ 


sin 0 


V 

I 1 


> SiiKw,../ f,v 


where 0, ” 0i, and Wj(/) is white (iaussian noise with 

two-sided s|H'clr;d density A\„/2 (Refs. 3 and 4). 


.V 




(7) 


Similarly, the denu>dulated signal foi the /th station. 
1-2.3. . A IN 

> (/) - \/ P sm (^ /)(/ r ) bm(u) (/ r ) 

I * I * 

+ 0 ) cos 0 + r (/) (4) 

iSi I I 


After subcariiei tracking (assuming perfect tracking) and 
demodulation we have 

.V(/) - sin (?/)(/ ?^.) ^ ciis 0, 

I 1 


wheie 

0, " 

i It ft 

and /T,(/) IS the (uiussian noi.se process resulting from ;i^(/) 
after carrier demodulation. 0 ^^^. is 0 ^ delayed In r,, and 0 ,, 0 ^ 
are independent phase processes for anv / / f Without loss i)t 
generality, let station I be the reference station, i.e.. r, = 0. 
and let > r,, r 1.2..... A'. 


,v 

+ r,,) (8) 

I 1 


where n,{t), /= 1, 2 Vare independent low -pass (iaussian 

noise processes derived from w,(/) after the subcarner demodu- 
latiim process. 
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The sanipled signal at the output of the integrate and dump 
circuit is 


InO-^a, 


exp(-(ag +a, j:)J. .v> - - * 


iV A' 

sin « 52 2 ”u where /(.v) = 

/I I t 

where , i = 1 , 2 A' are (Jaussian noise samples and is 

the data symhol. At the input of the Viterbi decoder the 
sample .v^ is 3-bit quantized. Given <j>^ and the signal-to- 
noise ratio of sample .v^ is 


S\R 




(10) 


Here 




sm 0 


ni) 


and 


= (v^ v^)’ - . 

^ ' I I 

wluMc J\ ~ symbo! time. 

rhoreforc, the signal-tivnoise ratu» is 

WK - V:/’,r;coNv\J 

2 


(i:) 


(13) 


( I 


^ "f 



I.VK- 


InC) o,, 


1 - expl-(Oj, +a, .v)J,.v<- 


InO- a„ 


(Ih) 


Note that lor a rate 1 2 Ciuivolutional code, bit energy is 


A, ^ :r r snr o / = i. , a (14i 

ft t s 


let fU'f^ represent the bit error rate for a given bit 
SNR h ^ I hen the conditional bit error rale is 


where a„ ~ -4.4514 and o, “ 5.7230, for .standard constraint 
length 7. code rate l/c convolutional cikIc. 

Note dial / = 1 , 2, . . A are indc|xmdent. having probabil- 
ity density functions 

fi, '^1 

V" " 

where is the previously defined carrier loop SNR for sta- 
tion / (I q. 5). The average bit error rate is 

/ ft ^ IT IT 

n Jn 

/»(v>, . . .i/0^. (i?<i 

nearly /), depends on the weighting parameters 

. for a given set of Pj,J~ 1 . - • , A' we can find the d/s 

whicli minimi/e Analytically this is a very complex task. 
However, it is straightforward to optimize the d/s when there 
are m> tracking phase errors. We will use these values of d, 
here These choices of d, will be suboptinuim when the earlier 
Uh>p SNR is below 15 JH, but the difference m the rcsuliing 
mt emu rate. is very small. 

We want to nummi/e when there are no phase orriHs. 
Note that f\*) (fq, 16) is a convex, monotonically decreasing 
function ol effective bit SNR. Therefore, minimizing is 
equivalent to maximizing the effective bit SNR with resjx'ct to 
the d/s, / - 1,2 V. 

With no phase errors, the effective bit SNR is 


(15) 


SXR = 


(E^, 

I 




(1^) 


E “! 


130 







Note that this function is convex. Therefore, taking the deriva- 
tive with respect to^^,/ = 1. 2, . , . ,/V and setting it equal to 
zero, we get 



These clioices of (i^ minimize the bit error rate. Using (20) in 
(15), we obtain 





= / 




CD 


Using (21) m (18) we gel the average bit eiror rate. (tJauss- 
Chebyshev qiiadiatme bumula is used to cmnpule (22). 


received power for the (>4-fn station by 5.8 dB. and 4.6 dB, 
respectively. 

b"rom (20) we have 

ti, = • 

lij = 1/2 (-5.8 dB) = 0.513 

/), = 1 ) 4 = 1/2 (-4.6 dB) = 0..580 

Using these parameters, numeiical results liave been 
obtained. The telemetry bit eiror rate is evaluated as a func- 
tion of /• ^, /A\), . This is shown in Fig. 2 for different values of 
P/i , the carrier kx^p SNR for station 1. Comparisons betsveen 
the radio loss for a single (>4-m station and the array for bit 
error rates of 5 X 10 ^ and 5 X 10^^ arc illustiated in Figs. 3 
and 4, respectively. When the carrier loop SNR is greater than 
15 dB theie are essentially no differences between the two 
curves. Wlien the carrier loop SNR is less than 15 dB, the array 
has a decrease in radio loss with r». jj>ect to a .single station. 





Reference 5 provided the telemetry total power to noise 
spectral density rcMo as a function of time during Uranus 
encounter for DSS 43 in Australia (a typical ca.se). The carrier 
margin was derived assuming an 80'' modulation index. TItc 
carrier margin for DSS 43 during Uranus encounter is plotted 
as ,1 function of time in Fig. 5. (Corresponding to Fig, 5, the 
radio loss is plotted as a function of time in Fig. 6 for a 
four-element array in Australia during Uranus encounter. 


III. Numerical Results for NCP 

The current N(.T configuration consists of foui antennas a 
64-n; antenna and three 34-111 antennas, let station I be tlie 
one with a 64-m antenna. One of the 34-ni stations has Nith 
transmit and receive capabilities, i.e,, T, R. while the other two 
can only receive, i.e.. listen only or I /(). 

We assume the additive noises associated w ith each received 
signal are iru!e|>cndent with equal noise sjiectral densities, i.e.. 
^01 ~ ^ Block IV leccivcr with a 30 Hz 

threshold loop noise bandw idth is a.ssunied for each station. It 
IS also assumed that the icccivcd powers for the 34-m T/R 
station and the two 34-m I /O stations are less than llie 


IV. Conclusion 

The array ing of A' antennas, in this ca.se a (>4-rii station and 
three 34-m stations, provides not (miIv gam due to an increase 
in effective antenna a|>eiture. but also a de Tcase in radio loss. 
The amount this decre^ise is a function of the desired hit 
error rale and carrier loop SNR. When the carrier loop SNR is 
very high, the radio loss is negligible so the array gain is due 
only to the increased antenna aperture, l-or lower loop SNR's 
the decicase in radio los.s is siihslantial, as sirown in the radio 
loss curves, for t(ie N('P configuraiiiMi, witli the Voyager 
spacecraft during Uranus encounter, radio loss can be expected 
to be less than 0,6 dB for the maiority of the pass. This 
assumes a BFR of 5 X 10 V I he radio los,s slu>uld always be 
under 1 .0 dB. 


.* 
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The Effects of Pointing Errors on the Performance 
of Optical Communications Systems 

V. A. Vilnrotter 

Telecommunications Systems Section 


Optical communici. :ons systems operatitift over interplanetary distances require the 
use of extremely narrow optical beams for maximum power concentration near the 
receiver. Consequently, pointing errors must he kept to a small fraction of a heamwidth 
to avoid severe deterioration in receiver performance, due to the decrease in received 
power associated with pointing errors. In this article, the mathematical models required 
for studying the effects of random pointing errors are developed and applied to the 
problem of quanlifying the effects of pointing errors on the performance of coherent and 
incoherent optical re rivers. 


I. Introduction 

Long-distance optical communications systems generally operate with narrow optical beams, in order to maximize the signal 
power-density in the vicinity of the receiver. Wliile the minimum attainable beamwidth is limited by diffraction effects, optical 
antennas can generate beams with divergence angles on the order of microradians. Thejcfore, accurate beam pointing becomes a 
formidable task, and even minute pointing errors can lead to severe deterioration in system performance. Here we consider an 
idealized long-distance optical communications system model consisting of a diffraction-limited optical transmitter and an optical 
receiver located in the far-field of the transmitted beam. In order to simplify the analysis, it is assumed that there is no relative 
motion between the receiver and the transmitter. We concentrate on miHlelling the optic; I field at the receiver in the presence of 
random (K)inting errors and on developing a useful model for the probability density of the pointing error. The model is applied to 
the optical communications problem in order to determine the effects of constant pointing offsets and random pointing errors on 
the performance of both coherent and direct-detection (or incoherent ) optical communications systems. 


II. Mathematical Models for the Received Field 

Consider the field -propagation nunlel shown in Fig. 1. A circular transmitter aperture .•/, is assumed to be centered in the 
transmitter plane (aK>rdinates x^, Vy). The transmitter aperture is illuminated by a temporally modulated, normally incident 
plane-wave , i ^ ), which wc model as 




x] + .vj 




.v.) = 


( 1 ) 


1M 


0 ; elsewhere 



where we define = / + (z/r) in order to account lor propagation delay, is the duinicter of the transmitter aperture and r 
is the s|>ecd oflight. The temporal component is defined as 

m(/)exp |/M + 0j(/))| (2) 

where is the area of the transmitter aperture, is the normalized field amplitude, m{() is the modulating waveform 

(|;ri(/)j < I), cj is the radian frequency of the optical carrier, aiiJ <>,(/) is a random phase process associated with the optical 
source. The normalized field amplitude can be interpreted as an equivalent field amplitude that generates an average 

photon rate of = V\lhv photons/ second, independent of the area of the transmitting aperture (here h is Planck’s constant, and 
V = ijjUn is the optical carrier frequency). The beam axis is defined to be a line normal to the transmitter plane, passing through 
the origin. The receiver aperture (with collecting area A^) is assumed to be located a distance z from the origin of the 
transmitter plane, perpendicular to the line between the centers of the transmitter and receiver apertures. The pointing error 0^ 's 
defined as the angle between this line and the beam axis, as shown in Fig. 1 . 






. i 


The receiver aperture is assumed to be in the “far-field," or Fraunhofer region, of the transmitted beam. If the dimensions of 
the receiver aperture are much smaller than the beam dimensions, then amplitude and phase variations over the aperture can be 
neglected, and the complex field at the receiver can be represented as 




(3) 


where 




^j2n:/X 

~fKz~' 




J^(nd^d^iX) 

{TidB^JX) 


(4) 


(5) 


and y,(* ) is the Bessel function of order one (Ref. 1 ). The amplitude gain function is the normalized diffraction pattern of 
the transmitter aperture. The amplitude gain function (7(0^) and the intensity gain function f7^(d^) are shown in Fig. 2. Note that 
the first zero iKcurs at f {ndf!\)B^, = 3.82, clearly defining the dimensions of the main lobe. 

W^^en the standard deviation of the pointing error is much less than one radian (0^, <^< I radian), the pt)intiiig error can be 
conveniently decomposed into orthogonal components and where 


0^=0^ cos ^ 
= 0^ sin 


and 





(6a) 

(6b) 


(6c) 


We assume tlut 0^ and 0^. are independent random variables with mean values and and variance aj and oj. respectively. 
The total pointing error process can then be expressed in terms of 0^ and as 
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It is .onveiuent to define the parameter as 


T} = 



1/2 


which can be interpreted as the pointing error induced by constant pointing offsets in the 0^ and By directions. 


( 8 ) 


The analysis becomes somewhat tractable if we assume that and are oaussian random processes. Suppressing the 
time dependence for notational simplicity, and letting oj = ~ the probability density for the independent Gaussian random 

variables 6^ and 0^. is given by the expression 


I r 

y {0 ,0 ) = exp — 

iv'v v -■* 

L 2 ( 1 * J 




The density of 0^. can be determined by a straightforward transformation (Ref. 2): using Hq. (6), the joint density of the random 
variables 0^, and can be expressed as 


no. c 


0^^ ” , cos )* ^ (l9^. sin vl' ' )* 

C/i = ‘ - exp - * * 

2t:(J . 2(1 J 


( 10 ) 


It follows therefore that 


f*'" 0 ^, r f*" 1 \ 

= J /)(t) .,i;)Jv = expj^ (V, sin \^)J(/C/^ 


fVfming the angle C', as 


v!/, = tan 


(^x) 


we can rewrite the exponent inside the integral as 

r;^ cos ^ rj^ sin v ~ cos (C' j 

The integral is now recognized as a representation of the nuHiified Bessel tunction of order zero 




(in 


(i:) 


(13) 


( 14 ) 


Substituting tq. (14) mto 1 q. (II) yields 



which is seen to be the weU-known Rice density. Note that since /^j( 0 ) = 1 , Eq. (15j re iuces to the familiar Rayleigh density in 
the limit as the pointing error 17 0. In the following sections, we shall apply the above results to examine the effects of pointing 

error on the performance of direct detection and coherent optical receivers. 


III. Performance of Optical Receivers in the Presence of Pointing Errors 

In this section, the effects of pointing errors on receiver performance arc examined. First, we consider the effects of pointing 
errors on direct<detection rcccivci?, assuming that Af-ary PPM signal sets are observed. Such signals can be generated by letting 
m{t) = 1 over one of M lime slots, and zero over the remaining (Af - 1 ). The performance of A/-ary PPM receivers in the presence 
of background radiation has been studied elsewhere (Ref. 3). Here we shall assume that the effects of background radiation are 
negligible, and concentrate on the effects of random pointing errors. 

The symbol-eiror probability can be expressed in terms of the symbol erasure probability ^ as 

^ 

where 

> = exp 1 -A'J (1 6b) 

and is the average count per symbol, in the absence of any pointing errors. For pulses that arc much narrower than the 
correlation time of the pointing-error piocess. the average pulse count can be related to the received field, conditioned un a given 
pointing error, as 




) = 





dx Jy 





(17) 


where r is the pulse duration, p is the quantum efficiency of the photodetector, h is Planck's constant, v is tlie optical frequency, 
and 12^ = X* is the divergence ot the transmitted beam, measured in steradians. Tlie unconditional erasure probability is 
t>blained by averaging the conditional erasure pri>habiliiy over the density of the pointing-error 



exp 1 A,( 0 ^»|p(O^» 


ns» 


This expression is accurate whenever the (iaussian approximation for 0^ and 0 ^ can be invoked For the pointing-error density of 
Fq. ( 1 5 ), the erasure probability becomes 






(i‘» 


In the limit ax 0 , ) -♦ 6 ( 0 ^ - rj), ami the erasure probabil'tv reduces to 


= exp (rj)| 


CO) 


fhis erasure probability is shown m Fig 3 as a function of the normalized pointing error t}^ fiu several values of A^, where 
- (ffj, Xh/. In terms of these units, a normalized mean value of ~ 3.S2 corresponds to the planar half-angle of the main lobe 
(the actual mam lobe half-angle is. of course, (X nJ^) limes as great) Tlie pi>inis where ► = 1 correspond to the zeros of the 
antenna pattern. 
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The effects of randiim pointing errors on the erasure probability arc shown in Fig. 4(a) througii 4<c). (Numerical integration of 
r.q. ( I*>) was employed to obtain these graphs.) For a given the erasure probability is sliown as a function of the normalized 
mean pointing error for various values of the normalized variance = (rrJ,/X)^ (rV Recall that m typical 

applications. (X/rrJ,) ^ 10 which means that typical beam half angles are on the order of microradians. Note that for high 
values of A^, (Aj ^ 10) the erasure probability increases dramatically with increasing (normalized) variance, emphasizing the 
imp^.vtance of reducing the variance of the pointing error to a small fraction of the main-lobe divergence when operating at low 
error probabilities. At low values of A^, (A^ ^5), the effects of mean pointing offsets and random pointing errors become much 
less pronounced, suggesting that under these conditions the requirements on pointing accuracy can be relaxed. 

The performance of coherent receivers can be analyzed in a similar mannci. Coherent homodyne reception requires the 
addition of a local field pnor to photodctcction. Wc nu>dcl the local field as an cqiiiva’ i plane-wave with temporal variation 

c\p IXw/ ♦ 0, (r))| (21) 


whcic I I is the field iiinpliUidc. and 0,(0 is u random phase process due to phase instabilities withui the local laser. Assuming 
that i'l » ( ',/v^,^ (which is generally true tor long-range c«>mnumicaiions systems) the average count generated by a binary 
antipodal signal (w(/) - i I ). given that hypothesis //, is true (/ = 0, I ) can be expressed as 

(;i + |)<" •> ' i (;(0 )cos 0 (22) 

where 0^. = |0, ~ 0; + (2/Tr/A)| is the piiase process of the detected field If the phase-tracking error 0,.(/) is assumed to be 
negligiH*', tlien we can let ci>s 0^, 1 If the pointing errors were aJ.so negligible (^>^. == 0). llien tlie error probability of the above 

a>here» cei\cr could be expressed as ( Ref 4) 




/L[r 


vu.e ) + r,(f)i^ ill jxjy= /’ .1 

I- L hc> 


) = CXV4A,) 


cam) = 




(23) 


where A, is again llie average number of signal counts itver a given hit interval We have observed before that the effect of the 
IHunting error 0^ is to decrease the average number of observed couiiis in proportion to the normali/ed antenna pattern of the 
transmitter aperture. Therefore, the conditional error probability of the coherent binary (MAP) receiver can be expressed as 

/'(fld^) = t»(v'4A'(;(0,)) (24) 


(Nt)le that the argument of lq.(24) may lake on negative values due to the phase sensi ve detection technique we have 
employed, which responds to negative values of C'(il^)). The unconditional error prt»bability is again the average of the ciinditional 
crror-probabilit) over the pointing-error statistics 


nt) = 



C'(v4Aj (;(tf^))e\p 



(2.';) 


When only psiinling offsets are present, the error probability again becomes a function of t) 

Pit ) = y(v'4A/*‘(rj)) 


( 26 ) 
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Figure 5 sho..s the error probability of the coherent receiver as a Unction of in the limit as 0, which again corresponds 
to the idealized pointing error density = 6(0^ - r?). Note that the error probability may exceed a half because the antenna 
pattern can assume negative values, in which case the receiver almost certainly commits an error. As the variance of the pointing 
error increases (aj > 0) receiver performance deteriorates, as can be seen in rig. 6(a) through 6(c). (Again, numerical integration 
was employed to evaluate Eq. (25)). As before, we observe that the performance deterioration due to poiming error is most severe 
when the receiver is operating at low error probabilities, and tendo to become Ie.,s seiious as the average on-axis signal bit count 
decreases. 


IV. Summary and Conclusions 

We have developed a general model for evaluating the effects of random pointing errors on the received field in long-raiige 
optical communications systems. The probability density of the poin ing-error random process has been derived for the case of 
independent, equal-variance Guassian pointing error components. This mouel was then applied to the problem of determining the 
effects of poiming errors on the j>erformance of direct-detection and coherent optical receivers. The results indicate that pointing 
errors tend to cause a sev»Me deterioration in receiver performance only when the optical receivers are operating at very low error 
probabilities. Therefore, the ultimate performance of long distance optical communications systems may well be limited by the 
abil:>v of the transmitter to point the downlink he-im toward the intended receiver. 
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On the Correction for Quantization Effects in 
Signal-To-Noise Ratio Estimation 

L, Howard 

Radio Frequency and Microwave Subsystems Section 


hi sampled data digital telemetry systems the signahto-noise ratio (SNRj is typically 
derived as a function tff the moments of the digitized input stream (e.g., the receiver 
output). This analog- to-digital conversion process is itself an additional noise source 
known as the '\{uantization" noise. Thus a digitally measured SNR will only approxh 
mately represent the SNR of the analog input signal. This report presents a procedure 
(Sheppard's corrections) for correcting moments of any order for this quantization effect. 


I. Introduction 

Experience gained over the last two years using the existing 
subsystems for arraying (Ref. I) at Jupiter (Voyager 2) and 
Saturn (Pioneer 1 1, Voyagers I and 2> shows that one of the 
weak points of the current system is the ability u> accurately 
monitor telemetry signal-to-noise ratio (SNR) at levels accept- 
able for real-time array }>erformance validation. As part of a 
development task to improve performance in this area a review 
and analysis of the problems cxjxjcted from digital signal 
processing and SNR estimation has been undertaken. The first 
of a series of reports on this work is a treatment of quantiza- 
tion effects. 

II. Quantization Effects 

Quantization error is the term applied to the errors intro- 
duced by representation of analog values by a finite (usually 
few ) number of bits. Other sources of numerical error may be 
introduced during internaJ calculations; but they are seldom of 
tlic significance of the initial quantization errors from the 
analog-to-digital conversion process, and they can usually be 
avtuded by careful hardware design. 


Th.e most extreme case of quantization error occurs wht n 
only the sign of the analog signal (+ or ) survives the digital 
conversion process. This process is often referred to as hard- 
lirniting the signal, and the output is called the sign bit. 
Single bit estimators are important in tint they minimize 
hardware complexity, often witli an acceptable degradation in 
performance. 

There should be a separate treatment of ri bit quantization 
for each n == 1, 2, 3 . . . ad nauseum. Fortunately an n bit 
q ■.iiitizer has 2'* slates or quantization levels, each state 
occupying 2 ” of full-scale input range (nonlinear or com- 
panding converters will not be treated here, although com- 
panding offers interesting possibilities). For n>4 the quan- 
tization levels become close enough together that we may 
assume the sampled distribution is constant over the width of 
a level. This allows us to treat all cases of sufficiently large n as 
if the conversion was infinitely accurate (« -► '*) but also 
introduces an additive noise component (dependent on n) 
called the quantiz.ation nois^. 

For an n bit quantizer the quantization levels are spaced 
2'"' of full range apart; call this value e. The quantized output 


147 



can exactly represent the input only if thie input is exactly at 
one of these quantization levels. Imagine now that for any 
arbitrary analog input (within range), an additional ‘‘noise” 
source was added so that the resulting analog signal was moved 
to the nearest quantization level, 

This is the “quantization noise.” From what has already 
been said, its distribution will be uniform from e/2 to +e/2 
about zero (and thus dF = dxje) and the associated noise 
power is thus 

f^QNo,s. - j =1T 

The effect of quantization noise is to increase the effective 
noise component of the signal-to-noise ratio during the act of 
digitization. 


Digital moments on the right hand side (r.h.s ) of the block 
diagram are given by 

N ^ 

K = i) K I * 

K=^\ /c-i 

The problem of approximating integrals like Eq. (2) by finite 
sums like Eq. (3) is the subject of the Euler-Maclaurin sum 
formula (see Ref. 2). The estimation of continuous moments 
from quantized or group data is fortunately a familiar problem 
in statistics. The results are known as Sheppard’s corrections, 
and the detailed development may be found in statistics texts 
such as Ref. 3. The formulas for Sheppard's corrections are 
summarized in the next section. 


A block diagram of the process is 


III. Quantization Effect Corrections 
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The results are as follows. 



I 


(4) 


where 


where = moments of the left-hand side of the distribu- 
tion, and I = moments of the right-hand side of the 
distribution. Since the analog input power is usually held 
constant (to keep within the ADC range), the digitally esti- 
mated SNR asymptotically approaches a constant value as the 
analog SNR increases. 


IS the integral part of -- 

which approximates the r.h.s. moments in terms of l.h.s, 
moments, and 



Consider the general effect on moments over the distribu- 
tion. Analog moments on the left-hand side (l.h.s.) of the 
block diagram are given by 
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where 


which approximates l.h.s. moments in terms of r.h.s. 
moments. 

( 2 ) 

The B, are the Bernoulli numbers, and obey the generating 
equation 


F{x) = input distribution 

=r ^^entral moment (l.h.s.) 

quantization level, A = 1 2‘^ 



( 6 ) 


The first 14 are \ \ B^ = - 1/2; odd B\ = 0 except B ^ ; 
B, = 1/6; B^ = - 1/30; B^^ \I42\B^ = - 1/30; B^^ = 5/66; 
B\^ 69l/2730;£?j^ =7/6 
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For the lower moments 
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IV. Conclusion 

This article has presented the corrections for quantization 
effects in the estimation of distribution moments. The limita* 
(7) tions are that the quantization steps be equally spaced and 
that the continuous functions whose integrals are estimated 
must in some sense he smooth with respect to quantization 
grid (see P.ef. 3). The extension of this approach to absolute 
moments (which are not “smooth’’ at the origin) and to 
unequal quantization spacing (comp;uiding converters) is cur- 
rently under stud>. The effect of these corrections on specific 
SNR estimation algorithms depends upon the detailed repre- 
sentation of the estimator in terms of distribution moments. 
Results will be reported as they become available. 
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Networks Consolidation Program 
System Design 

E. C. Gatz 

" DA Engineering Office 


This article Jesenhes the ftcmral svsteni design f>>r the Mark IV-A Deep ^(me 
\etwork to he implemented in the Xet works Consohdatum I^rogram, The arrangement 
and complement tfj antennas and the list oj subsystem equipment at the Signal Processing 
Center are described. 


I. Introduction 

The description of the Networks Consolidation Program 
(NCP), Its history, management planning, and system design 
approach is given in Ref. !. The objective of the program 
IS to develop a single cost-effective network of ground tracking 
stJLons for communicating with interplanetary spacecraft and 
with earthH)rbiting salcUiles not served by the Tracking Data 
Relay Spacecraft Svstem (TDRSS). In the process of this 
development, it is expected to reduce operations costs and to 
provide increased antenna aperture on the ground for greater 
data return for deep space nussions. 

The current ^ • Network, called Mark III, will 

therefore be vc* oe . ‘ksc objectius. as well as t » 

incln > rents T’ %*contlgured net- 
work tviil ^ lown u.. tiK* * * N' "t. • The current plan 

i^ ' I jieifo. I ec*' 'r ti- »uid l%4 with 

ct ,ip!eti e' i the *< t'l , ^ > 


II. Mark IV-A Network Configuration 

The new network configuration is shown in Fig. I. It 
consists of five antennas and Signal Processing Center (SK") at 
each of three Deep Space Communications Complexes: Gold- 
stone, California; Madrid, Spain; and Canberra, Australia. 
Communication facilities to connect these complexes to the 
Network Operations Control Center are included. 

At each complex, the antennas are to be colocated vsathin 1 
or 2 kilometers m order to ease operations and maintenance 
and to enhance the capability of arraying multiple antennas. 
Fach antenna has some locally mounted equipment: antenna 
drive, low-noise amplifier, receiver front-ends, and trans- 
nutters. However, the bulk of the antenna-associated equip- 
ment: antenna controller, nucrowave instrumentation, trans- 
mitter controls, etc., is located at the SK\ The SPl' also 
includes telemetry, command, radio metric, and radio science 
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processing equipment, as well as other associated control and 
processing equipment. 


III. Antennas 

Hach . omplcx is planned to have five antennas, configured 
as folio* s 

(1) MMeter. This is the existing antenna configured for 
S'hand transmission and reception and X-band recep- 
tion. This IS the prime antenna for deep space com- 
munications and tor radio science and Very Long Base- 
line Interferometry (VLBI) applications. 

(2) 3 -Meter Transmit /Receive. This is the existing 34- 
metc' antenna at each comp!e.<, configured for S- 
banu iraiismission and reception and X-band receptioii. 
It IS used for all deep space applications and is planned 
lor support of High Larth Orbiters also. 

34-Metcr l.iston-Only. This will be derived by enlarging 
ami moving (he DSN 2b-meter antenna at each com- 
plex. These antennas will be equipped lor X-band only 
and will be used in array applications. 

(4) 34-Meter Lislen-Only. This will he derived by enlarging 
and tmwing the (irtmnd Spaceflight Tracking and 
Data Network ((iSTDN) 26-mcier antenna at each 
complex. It will be configured tt>r bt)th .X-band and 
S-band reception and will be us^.d toi btnfi deep space 
and Higli lailh Orbitci reception and lor V'LUl 
applications 

(5) ^>-Motet, The existing CiSTDN ''-meter antennas will be 
relocated and used U>r S-band transmission and recep- 
(liMi in suptxut ol High l arth Orbiters. 


IV. Signal Procaaaing Center 

A Simplified block diagram of a Signal Processing Center is 
shown in Fig. 2. This shows the general subsystem com- 
plement. Detailed configurations and connections will be 
descnr>ed in later articles. The SPC is configured to support 
operation oi each antenna individually, or to array any com- 
bination of the large antennas. Two subarrays can be 
supported. 

As indicated, antenna control, receiver/exciter and ladio 
metric tracking subsysiem equipment is associated with each 
antenna as appropriate. Only transmitting antennas have ex- 
citers and tracking equipment. The Telemetry, Command, xnd 
Monitor and Control Subsystems are each organized into four 
group* ' \.ch group can be independently assigned; the groups 
are thus assigned to form up to four “links.*' Each “link" has 
the necessary equipment to supp^)rt one spacecraft mi’‘sion, 
with receiver, antenna, tracking, command, and telemetry 
equipment. The link can handle a single antenna or an array. 
Each link is controlled by a single operator stationed at the 
link Monitor and Control Console. The link assignments, in- 
cluding the antenna and associated equipment, are performed 
b\ the complex Monitor and Cont.ol according to an estab- 
lished schedule. Other subsystems pn'vide lest support, tech- 
nical facilities, frequency and timing, maintenance, and radio 
s .once support. IXMails for the SK' System configurations will 
be presented in future articles, 

V. Current Design Work 

This arodc has outlined the system design for the Mark 
lV-.\ Deep Space Nclwi>rk IXsign >rk is continuing on the 
details Ol ci>nnectum and control of all elements and on 
antci'na .ind SPC tloi>r plans and equipment layouts 


Reference 

cater. M. I , Hertnan, 1) T.. and Sanner,(J 1 ’ ' etworks C'onsi>lidation Program." 

in Hh' n’!coirftmunuafii>*n anJ Ihta Pro^iress Report 4^-5^, July and 

August I '.su, p 10"^-! 20. Jet Propulsion laboratory, Pasadena, C'alif., Oct 15, I'^HO. 


151 












































March and April 1981 


TDA Progress Report 42-63 



Assessment of Solar-Assisted Gas-Fired 
Heat Pump Systems 

F. L. Lansing 
DSN Engineeiing Section 


Industrial and scientific communities are showing a new u’jit of interest in develophig 
engine-driven heat pumps that utilize hybrid sources of energy combining fossil fuels, 
solar energy, and waste heat As a possible application for the Goldsione hnergy Project, 
the performance of a W-ton heat- pump unit using a hybrid solar-gas energy source is 
cvaluafed in an effort to optimize the solar collector size. The heat-pump system is 
designed to provide all the cooling and I or heating requirements of a selected office 
building located at the Deep Space Commwucnthm Conqdc.x, (loldstone, California. The 
system performance is to he augmented in the heating mode by utilizing the waste heat 
from the p(nver ( ycle. .A simplified system analysis is described in this report /<> assess and 
compute interrelationships of the engine, heat pump, and solar and building performance 
parameters, and optimize the solar C(mcentrator; building area ratio for a minimum 
total system cost. In addition, four alternative heating-cooling systems, commonly used 
for building-comfirt, are described, their costs are compared, and are found t(> be less 
competitive with the gas-solar heat-pump system at the projected solar equipment a^sts. 


I. Introduction 

Heat pumps, someumes called “energy pumps," are 
mecliamcall\ driven devices that extract heat from one 
medmir at a certain temperature and “pump" th»s heat and a 
little more toanothoi medium at a higher temperature. If used 
tor a heating purpose, heat pumps are known to have a high 
pinciitial for saving natural energ\ rcs\nirces and for icdu nng 
piimarv eneig> consumption as compared to direct electrical 
resistance heateis, or tossil-fuel-fired hollers. Several configura- 
tions exist, as illustrated in Apix-'iidix A, which diffei mainK 
in the t\pe of tluid or media exchanging heat with tlie heat 
pump's lecirculaling refrigerant. 

The loce it interest b> industrial and scientific communities 
m eneig> -coiisumptum reduction, as a result of the global 


energv -shortage situation, has stimulated more research and 
devel(*pment of heat pumps in many areas, such as ( 1 ) cou- 
pling with natural nonfossil-fuel energy resources ;uch as solar- 
electric, biomass combustion or wind power, as prime movers, 
and (2) using the pump as a boostci for any low-temperatiue 
heat, including waste heat, to obtain a more useful higlier- 
temperature-level heat for industrial, residential, and commer- 
cial applications ( Ref 1). 

Toward the commerciali/ation of small-si/e heat-pump 
units (arou’id 10 tons of refiigeration or 35.16 kWhj)a new 
study IS being loiiuly reviewed by the F.nergy and Technol- 
Application office of the Jet Propulsion Laboiatory (JPT) 
and Airesearch Manufacturing Company id the Garrett Coip.. 
and is being sponsored and managed by the Department of 


Unergy. The hybrid liea(-punip system concept under investi- 
gation replaces convent itinal electrical motor-drives with gas- 
fired engines (or turbines) coupled with solar concentraiors. 
The solar connection is superimposed foi saving additional gas 
heat during the sunny hv>urs. Combining the exiKUtise of JPL 
in higli-temperature solar concentrators, solar receivers, high- 
ternperature energy storage with and witliout phase-change 
materials (PCM), and huilding-cnergy analysis, with the experi- 
ence of the Gar.etl Corp. m developing engines and gas-turbine 
hardware and in then computer simulation, the investigation is 
expected to be thorougli and veiy informative. 

As part of the Pnergy Conservation Project for the Deep 
Space Netwoik (DSN) facilities, continually keeping aware of 
and making engineering assessments of new technologies, con- 
cepts, controls, components, and s> stems and their ecomunics, 
particularly in the area of building heating, ventilation and air 
conditioning (HVAC), is of prime importance for upgrading 
the facilities and keeping their energy consumption al a mini- 
mum. The commerciali/ation of (he above hybrid heat-source 
system and its relevant aJ\anced building controls presents an 
aiea wo’^tb investigating since it has a high potenoal for reduc- 
ing the energy consumption of facilities and enhancing their 
cnergv sclf-sufficienc) position 

Until the detailed computeii/ed results of the above DOP- 
managed task are published, a short teim dotlnition stuu^ has 
been initiated in order to provide our facilities management 
and engineeis with the key advantages of the candidate heat- 
pump cimfiguiation, its piUcntial cost savings, aiju iis jx'rloi- 
mance and operational super:oiiiy The task objectives are 
tenia! ivelv set to ( 1 ) configiiie a ciunpicte add-on heat -pump 
s\slcm to an existing building at the DSN facility, (2 ) outline 
and identitv b\ a smiplilled anaiv tical approach, if possible, 
the ke> design and weathei parameters, (o)conipaie its eco- 
nomies against alternate dual heating-cooling conllguiations 
that are commonlv used, (4) provide an i>ptinuim solar- 
collector si/e fiH a minimum v early total cost or a minimum 
10-\ear hfo-cycle cost, and (5) study variances and sensitivities 
i>f the economics or configuiation parameters including diffei- 
ent l\ jx's id r'luildings. weather patterns, energ>' ntes. etc. This 
prohminaiv assessment is not intended to substitute for oi 
replace the detailed work currenlU being done elsewhete, but 
rather to supplement it. and pave the way for *'\amining to a 
fust order of magnitude the concept applicabilitv to existing 
DSN facilities that have different weather protlics. huiKling 
loading, and building typos. 

The attractiveness of this solar-assisled gas-fired heat -pump 
system concept for future application in Deep Space Network 
buildings is based on several features, each of winch offers 
polentialK high efficiency, better utilization of existing fossil- 


fuel lesources, or low cost. The system features are composed 
of the following elements: 

(DA heal pump that “pumps” heat, when used in the 
healing mode, from outdoor an. This i.s a single, com- 
pact device that ('unctions as either a heating oi a 
cooling unit as necessitated by the building needs. 

(2) .A heat recovery device that benefits from the heat 
rejected by the driving engine (or power cycle) and 
feeds a large portion of that heat directly to the condi- 
tioned space. This enables the system to out -fwr form 
conventional heating devices, which means higher pci- 
formance, smaller solar collector aiea, and low/er opera- 
tion cost. 

(.1) No large thermal or electrical storage is required for 
this hybrid system since direct gas combustion is used 
when needed. Operation during the night oi dm mg 
cloudy periods is uninterrupted, thus providing high 
reiiabiliiy 

rhe above features arc expected to lead to savings in 
maintenance and operation costs. 

Since numerous paiametcrs arc expected to enter into the 
\vstem performance evaluation, two approaches could be fol- 
lowed. (Da detailed computerized approach using hourly, 
daily, monthly, and yearlv load dislnbutiim, component cffi- 
ciencv. and site vvcatlier. or (2) a simplifiL'd “lumping” 
approach for faster assessment. The first appioach is already in 
progress with full lesults yet to be published The second 
approach is the one cliosen for this report in order to piovide 
coarse boundaries, and size limits m the opt.mi/ation of the 
solai share. The complexity of the sci'ond appioach could be 
la»ei increased I'or a hetler refinement of results accuracy by 
utilizing one ol the available dynamic analysis compulei pro- 
giams such as TRNSYS, SOl.ThS. etc. However, this article 
icpoits only about the first -oidei assessment of the concept 
without any detailed compulerized calculations. 


II. System Description 

An outline of a compiete conceptual system driven by a 
hybrid solar/gas heat soince is shown in Fig. 1. The l1ow of 
energy st teams to and from each component is sketched in 
Fig. 2. The following 4 subsystems are identified: 

( 1 ) Solar collection and storage subsystem 

(2) Power convetsion subsystem. 

(.^) Heal pump subsystem. 

(4) Building air-handhng subsystem. 
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The ruiKliuM of caL'h subsNsiem is bnetl\ described next, 
assisted b\ I'lgs. I and 2. 

A. Solar Collection and Storage Subsystem 

This Mibsystem consists of a solai concentrator, a solai 
icceivei, and a lii^li-temperature stoiage compaitment I lie 
c^mcentratoi is imiialK configured as a point'focusing 2-a\is 
tiacking pauholoid imrioi, Anpiopriate meclianisms foi 
adiusting the a/inuilli and elevation angles are provided to line 
up the parabtd.iid axis with the sun^earth vector during the 
sunin iu>urs. Tlie solai energx letlected b\ the concentfatvu 
minor is focused on the finite apeituie of the solar receoer. 
winch IS placed at tlie paiaholou! focus The solai receivei lias 
a cavitylike slujv to .ippioximale a hlack-bv>dy ladiator. It is 
also enclosed b\ a theimal insulation blanket to reduce tlie 
outwaid theimal radiation-convection hisses to sunounding 
all. llmnigh a set of heat-piivs connected to tlie interioi solai 
leceivei walls, a higli-tenijx'iature eneig> -stoiage coinpaitinent 
IS attached. Tlie thermal stmage capabihtv oi this subsv stem 
ma\ be limited \o not moie than one houi, ti^ piovide iml\ 
damping .md smoothing effects Uh the sol ii intensitv tluctua- 
lions. Phase-change mateiials aie recommended foi a compact 
design and lot tiieii favoiable small temperatuie changes din- 
ing chaigmg and discharging modes I'he “use fnf' collected 
p‘)ituni ol the incident sol ir radiation, attei subtracting the 
optical and theimal losses, lepiesents heat available to be 
■ onverteo furthei to a me hamcal eiieigv toim m the power 
ctinveisioi, subsystem 

B. Power Conversion Subsystem 

llie h\hnd heat source needed to 0|XMate this subs\stem 
consists of ( 1) high-temjxMaUiie solai eneigy as delivered b\ 
the leceivet-stiuage subsvstem and (2) high-iemjx'iaUiie piod- 
ucts of co.mbustion lesiiltmg f’lom direct ignition, n a combus- 
toi, of a fossil tiiei such asnatuial gas, propane, methane, etc 

The powei conveision subsvstem lixation is piefeired to be 
next \o the siMai leceiver-stoiage subsvstem to minimi/e thei- 
mal losses, (kiseous oi liquid fuels aie also pie lei red fm casv 
handling il transmitted m pijx's ti» the focal legion iTn the 
present studv, natural gas has been selected and is assumed 
avail.ibie in the locatum undei investigation. 

In genet al, conveision of thermal energ> to mechanical 
work IS maile via power cvcles. id which the most impoitani 
aie 

(I) Hiavton cycle, whothei it is closed or o|X'n, simple oi 
legeneiative. 

( 2) Rankme cycle using watei or organic IIukIs. and 

{}) Stirling cycle 


With any power cycle used, some heat must be rejected 
which, if recovered and utilized, represents a bonus to the 
overall system |x^rformance. The recoverable heat could be 
ulili/cd directly for heating the building in the lieating mode, 
and if needed, for tenqx'iatuie modulation in the cooling 
mode. 


The system layout in Fig. 1 illustiates the components of 
one selected powei cycle fhe regenei alive air-Brayton cycle, 
winch IS used as the pnme movei for the heat pump. Tlie 
powei cycle is composed of an an ciunpiessoi. ai; air luibme, a 
regeneratvM, a gas combusttn and a lieat sink. Air passes 
through the liigh-teinperature energy'-stoiage clement to be 
heated hef .re it enleis the gas combustor (ias combustion will 
take over as the sole heating source if insufficient solar energy' 
IS collected. The mechanical work of tlie power cycle is used 
to drive the refrigeration compressor by a single shaft as shown 
in Fig. !. The solai receiver-storage subsystem and the powci 
conversuin subsystem could be placed m one assembly, located 
at the conceiitiatoi hical region. Combustion air is preheated 
befoie mixing with the fuel m the combustion cliambei, by 
passing hiougli the regenerator. The power conversion subsys- 
tem also includes the necessaiy air-tT^w contioisto uiili/.e the 
ambient an as a heat sink (if the beat lejected from the cycle is 
totally not needed) oi else diveit the air leaving the regenei a- 
toi tlui>ugh air conduits to anothei heal exchanger (not shown 
in Fig. 1 ) connected to the building air-handler for additional 
heating, supplementing the heat-pump portion. 


Note that configui itions other than tlie selected Bray ton 
cycle have been cxfx'nmenti 'y demonstiaied by many 
lesearcliers m this field. Steam turbines, for instance, are 
coupled with heat pumps i\v an integrated community energy 
system (Refs. 2, 3 T Oilier examples of using the oiganic 
Ran kmc turbo-conipressor-dnven beat pump include ihosc of 
Mechanical 1 echnologv'. Inc (Ref. 4). tlie Institute of Ci as 
Technology (Ref. 5). the United Technologies Research Center 
work using rofiigerant R-ll (Ref (0. the Battcllc Columbus 
Laboiatories work witli R-ll as a power cycle tluid and R-12 
as a refrigerant (Ref. 7), and the analysis of many woiking 
laganic lluids for power cycles (Refs. S and 9). For a gas-fired 
fiee piston Snrling engine driving a refiigeration compressor, 
experimental work was also demonstrated by the Cias Research 
Institute and (loneral l.leclric C'oinpany for a 3-toi' unit 
(Ret. lO) An internal combustion engine following the Otto- 
cycle. coupled with a heat recover y unit, a gas-fired auxiliary 
furnace, and a heat pump, was analyzed by Honeywell, Inc. 
foi the C»as Research Instfute (Kef 1 1 ). A Stirling engine 
driving a unique Stirling refngeral.on cycle was also de:..on- 
sttated (Ref. I2). 
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C. Heat Pump Subsystem 

A heat pump consists of the same basic components as a 
re frige rat h)n machine, which are itemized as follows 

(1) An indoor element that adds heat to (in the heating 
mode) or extracts heat from (in the cooling mode) a 
medium in a conditioned space. This medium could be 
air or water. 

(2) An outdoor element that extracts heat from or ejects 
heat to a medium outside a conditioned space. This 
medium also, could be air or water. 

(.^) A reciprocating oi rotary compressor for compressing 
the refrigerant and moving it in the desired direction so 
that It “pumps'' heal out or m, for cooling or heating 
modes. 

(4) Control elements for satisfactory subsystem opciation. 

Tfie functions of the refrigerant evaporator and condenser 
could be interchanged by levers’ng tl.e direction of flow of the 
refrigerant between the mdot>r oi outdoor elements As illus- 
trated in Cig. 3, in both cooling and heaiing modes, the major 
components are the lefrigcrant compressor, condenser, evapo- 
rator. throttling valve, and a mode-selector valve (i e., a revers- 
im* valve). The mode-selector valve leverses the tlow of refrig- 
erant so that the indoor Ci>tl acts as an evaporator m the 
cooling mode and as a condensei m the heating mode. 


The heat-pump subsystem could be any one of tlie four 
configurations described in ApjxMidix A according to the 
medium type m contact with indoor and outdoor elements. 
The nu'st common configuration, liowever. is the air-to-air 
(A-A) type. Pertorniancc data i>f A-A heal pumps appear m 
mi me I oils refereiucs (eg.. Refs. 13 and 14), and in general the 
capacity and coefficient of performance are strong functions 
of outdooi temperature. As the tem|)crature difference 
between indoor and outdoor air increases, it becomes more 
difficuit to move th. heat, thus, the capacities (for either 
healing or cooling) and the eftlciency deciease. 


Generally, a heat pump is designed to suit the |X'ak cooling 
load. If the peak heating load exceeds the healing capacity of 
the pump, supplementary heat is commonly supplied by elc' - 
tncal icMstance heaters. One should examine, however, the 
cost tradeoff of overdesigning the heat pump to cover the 
coldest wmtei load or using a suitably designed heat pump 
supplemented by another heating source. For multi*zone air 
conditioning systems u.smg a heat pump, air changeover con- 
\ioh sometimes replace the refrigeiant changeover valves, 
depending on the type of media c.ychanging heat with the 
pump The refrigerant flow is not reversed in these systems. 


The coefficient of performance, P. which is a measure of 
the heat-pump effectiveness, is defined as the ratio of “usefuf' 
heat effect delivered to the mechanical work used to operate 
the heat -pump subsystem: 


<^L 

P ^ ~ — (cooling mode) 

c \\ 

Q. 


w 


(heating nuxle) 


( 1 ) 


Note that the P values should be based on the same operating 
conditions before making any comparison with other heat 
pump types. If compared to the ideal Carnot cycle behavior, 
the actual value of P is inversely proportional to the tempera- 
ture difference between the heat source and heat sink. The 
larger this difference, the lower the performance will be. 
Because the P value varies with operating conditions, an aver- 
age txrformance for the season seems more appropriate in 
comparing different systems in different climatic regions. !n 
lieu of detailed thermodynamic evaluations (as given in 
Refs. 14 and 15) a simplified analysis is given in Appendix C 
based on giaphs provided by Ref. 16. 


D. Building Air-Handling Subsystem 

As sketched in Fig. I , the air movement to and from the 
conditioned space forms a closed loop. Fresh make-up air, 
which is the outdoor ventilation air, mixes with the return-air 
Ic.i' ing the space, and the mixture is blown by a fan through 
the air-handler sect! on The air-handler is commonly composed 
of two coiKs, one for heating and the iither for cooling, to 
adjust the air temperature to that required by the space 
according to its internal loads. Different temperature or flow 
controllers aie used in practice for modulation. From an 
energj' -balance viewpoint the air-handler requires a net heating 
or a net cooling effect which equals the heat lost or heat 
gamed, res i^ec lively, from the gross control volume encompass- 
ing the space boundaries, air-handler, air ducts, and make-up 
air. In the heating mode, the heat-pump indoor element acts as 
a refrigerant condenser, i.e., as a heating coil, while use is made 
of a portion of the power cycle waste heat as a heating 
supplement. In the cooling mode, the heat-pump indoor ele- 
ment acts as a refrigerant evaporator i.e., as a cooling coil. The 
power cycle waste-heat in this case could be entirely by-passed 
or partially used for temperature modulation. The physical 
location of the heat pump and the r-handler subsystem 
would probably be in a mechanical room in the building. Tv'o 
fluid circuits connected to the focal assembly of the solar col- 
lection subsystem are envisioned. These are: (*) refrigerant 
lines connecting tlie refrigerant compressor to the heat-pump 
subsystem and (b) an air conduit connecting the power cycle 
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regenerator at the focal assembly with the air*handler 
“booster” coil. 

The major system components having been described, a set 
of analytical expiessions will be presented next to describe the 
system operation and design gu ielincs, 

III. System Analysis 

The following assumptions and idealizations are made in 
the analysis of the system in order to yield a simplified 
approach and to enable a complete assessment without a great 
loss of accuracy. 

(1) The exterior outside air temperature variations 
throughout the year are divided into only two sea* 
sons: summer and winter. Spnng and fall periods will 
be merged as appropriate. Distinction between sum- 
mer and winter is assumed to lake place when the 
average daily temperature, exceeds or is belu\^ a 
reference temperature. On the other hand, t!ie cooling 
and heating modes of system operation occur for A/ , 
and Af,, months, respectively, which arc not necessai* 
ily equal but total 12 Modes td opeialion are deter- 
mined by comparing the dailv aveiage outside air 
temix?raturc with the building changeover tempera- 
ture. r,,*. There is always a p«issible overlap between 
seasons and modes of operation depending on the 
type of air-handlcr modulation, local weather profiles, 
and space internal loads. The dailv cverage outside air 
temperature ^ or loi either cooling or heating 
modes, respectively, are obtained frv>m 1 )cal weather 
data. The building changeover temperatures (one for 
each season is assumed) are obtained from s^acc inter- 
nal loads, interior tempeiature, and rate of boat loss 
to ambient. 

(2) The efficiency of the concentrator mirror, if defined 
by the ratio of solar llux on receiver interu>r walls to 
the solar t1ux falling on mirroi projected areas, 
becomes the product wheie p is the iimror rcllec- 
tivity and 0 is the intercept factor. The inteicepi 
factor IS defined as the traction of the reflected radia- 
(ion Irimi the concave iniruir that is inteicepted by 
the internal cavity siirtace of the solar receiver The 
intercept factor is a pio|XMtv of both the 'oncontra- 
tor mirror's orientation for producing an image and 
the receiver's position relative to the concentrator 
The optimum aperture si/e with a mirror of given 
I'ptical properties, is commonlv made by ma\mn/mg 
the “useful" cnerg:/ collected b> the nmror-rccciver 
or ininimi/mg the sum of their optical and thermal 
losses. A large receiver aperture results in large ther- 
mal losses hut small optical losses, and vice versa. 


(3) Cavity solar receivers are generally high-efficiency 
absorbers. The receiver, when coupled with the adja- 
cent high-temperature energy storage element, has an 
efficiency tliat is defined as the ratio of useful col- 
lected tlieimal energ>' (which crosses the receiver- 
storage boundary to the power conversion subsystem) 
to that energy incident upon the receiver interior 
walls. Writing the energy collection subsystem effi- 
ciency R approximately as a linear relationship with 
the temperature difference between tlie receiver work- 
ing fluid and the ambient aii, yields. 

R = Fp<pa- FU (2) 

where T, is the inlet fluid temperature to the receiver, 
p IS the mirror reflectivity, a is the effective receiver 
absorptivity, F is a flow factor, I is the solar intensity, 
and V IS the overall heat -loss rate due to convection 
and radiation per unit concentrator area. Note that 
the coefficient U takes into consideration the concen- 
tration ratio, receiver geometry, etc. Equation (2) 
could be also written in the linear form 



where the intercept represents the product ,Fp0a) 
and the slope represents the product \FU). 

Solar concentratois with a concentration ratio 
between 100 and 1000 could reach fluid temperatures 
hetw'cen .WY (03r>) and lOOO^C (IH32'^F). The 
intercept //ly, for high-tem|x^rature solar concentra- 
tors. ranges from 0.8 to 0.^). and the slope langes 
from O.IO to 0.20 W/m^'^C. 

(4) The efficiency of a general pmver conversion subsys- 
tem IS here simplified by a fraction \ of the coi re- 
sponding Carnot's cycle operating between the temper- 
ature limits and T,. By this method, the distinc- 
tion between different t>jx»s of power cycles is made 
primarily by knowing the fraction which is com- 
monly limited to a value between 0.4 and 0.6 in 
practice; thus 



(.^) S.milar to the power conversion subsystem pci for- 
inance. the ciK'lficient of performance of a general 
heat pump m either cooling or heating modes at 
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full load, could be approximated as a constant frac- 
tion X of the Carnot’s ideal refrigeration cycle operat- 
ing between the same evaporator and condenser tem- 
peratures. and Hence. 



For a given space inside temperature, 7^. and a given 
outside air temperature, the performance of an 
air-air heat pump for instance could he evaluated by 
detci mining the temperature drop across the evapora- 
tor and across the condenser as presented 
in Appendix C. Note that the fractions X^, \ embody 
other design factors such as the type of medium used 
(watei or air), partial loa<ling, and all temperature, 
pressure, and How control schemes. In the heating 
mode, tire ctHjttlcient of performance as given by 
l.q. (5) decreases as the outside air temperature (or 
condenser temperature 7’.^, ) decreases, ilius reducing 
titc amount of heat “pumped'* to space. For the 
cooling mode, tq. (0| gives a lower as the outside 
uir temperature increases, thus reducing the cooling 
eff'ct of tlie refrigerator. Tins means that in both 
modes, the trend t>f the heat pump performance is 
always against the response of budding load.^ at dif- 
ferent outside tompcraiuies. This supply and demand 
cimtrast could be illustrated by Figs. 4 and 5, whi;h 
will he further explained m the a.ialysis later on. 

(b) TIk mtema! hcai gain to (or loss from) a building 
space. IS given in detail in Ref. 17 and is sketched in 
Fig. 4. Hie load is assumed the sum of the following 
four parts' 

First, the internal heal generated due to occupant- 
acliviiy, lighting equipment, electronic equipment, 
mcchamcai equipment with motor drives, and inicinal 
fuel- fired appliances. TIus is treated a constant load 
independent of outside air temperature variations, but 
Mibiecl to variations in the schctlulc of activities inside 
tile space. 

Second, the heat transmitted tv the building structure 
direvtly due iti si>lai -radial ion incidence upon gla/ing 
aicas and indnectK due tv> sv'Uu-radialion incuience 
v>n v/paque exteruu walls and roots Tins pait is ,ilsv» 
assumed a constant load, indetsendenl of the outside 
air tomperaturc variations althougli it t,ikes into con- 
sideration icradiation lv> the sk\ . 


Thirff the heat transmission due to varying outside air 
boundary-layer temperature next to exterior walls, 
roofs, and windows. If averaged over 24 hours, tran- 
sient effects are damped and this part is found to be 
proportional to the difference between the daily 
average inside and outside air temperatures. 

The fourth part of the space load i.s the undesirable 
heat loss (or gain) due to infiltration and ventilation. 
Infiltration or exfiltration air is caused by leakages 
through cracks or repeated ooening of doors, and 
windows, or due to buoyancy effects. Ventilation air, 
on the other hand, is essential for hygienic purposes. 
Since the introduction of outdoor air, whether it is 
desirable or not, is an energy extensive process, the 
amount of such air should always be kept at a mini- 
;nuni rate. The sensible heat load as a result of this 
fourth part will be proportional to the difference 
between inside and outside air temperatures. 

By neglecting latent loads in comparison with sensible 
loads, and by taking the minimum period of analysis 
as one day (24 hours), heat gain to a space per unit 
tlov>r area Qf, could be written simply by the straight 
line relation. 

where is a constant building load intercept com- 
bining the first and second constant parts of heat gam, 
IS a building load slope combining the third and 
fourth parts of the heal gain, 1] and are the daily 
average inside and outside dry bulb temperatures, 
respectively. Tire monthly calculations of arc made 
for v)ne selected day for each month. Monthly space 
loads cmild be assumed repeated images of this single 
repicscntaiive day in each month. Although daily or 
monthly values for the paiamcters and could 
he used, only two ptissible patterns for and arc 
allowed for the yearly building U>ad compulation, one 
for the summer and the other for the winter season. 
Numerically, the values of and arc subject to 
simple elesign criteria that are usually given pet unit 
Door area (Ref. I7t. Furthermore, var'ations of 
and are known to he mainly dependent on the 
type of building activity (e.g., an office building, a 
central ctmirol building, a cafeteria, etc.) and to a 
lesser extent on the local climate. 

Ol special importance to the building mode of opera* 
lion IS : paiticular outside air temperature at which 
the gn^ss budding load reaches zero. This is sometimes 
called the changeover lempcraturc, which is given 
by equating Hq. (7) to zero, hence 
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m 

r; = r-— (8) 

o 

The characteristic temp^^ratiKe represents the out- 
side air-buiiding “equilibrium'’ teir<perature where a 
lower outside air temperature (i.e., < 7 ’*) means 

the building is in a heating mode, and a higlier outside 
air temperature (i.e., T^> T^) means the building is 
in a cooling mode. Differentiation between a heating 
mode and a cooling mode is therefore a necessary step 
once the temperature TJ is determined, and should be 
distinguished from summer and winter seasons. ‘ 


whe/? the coefficients ^ and are expressed in 
SI units in W/m^ and W/m^'^C, respectively, TCjjin 
tons of refrigeration and in m^. Eq. (10) could 
be also us*d if the building floor area is given and 
the appropriate cooling capacity needs to be kno i. 

( 8 ) The annual cost of purchased gas energy at a particu- 
lar mode of operation is determined by the part of the 
building load which is unmet by solar energy 
assistance, taking into consideration the efficiencies of 
the various components. During A/,, montlis of the 
heating period, the total cost of gas energy be- 
comes tfie sum: 


(7) For a given heat-pump cooling ipaciiy, or heat-pump 
rating, CC (taken at the ARI temperature specifica- 
tion of 35*^C (^5°F)), the design space floor area to 
match this capacity is determined based on the peak 
cooling demand of the space. Let the heat-pump cool- 
ing capacity change with the outside air temperature 
(Ref. 1 6) as 


C = C 

ft X 




‘ 730 . 4 . 




COP 




30.42 A ; 

J 


( 11 ) 


cr,„ = CC ,5 (1 0.01S(/,,- 35)1 (9) 

where CCf^^ is the cooling capacity in tons of refrig- 
eration^ at any outside air temperature, CC 3 J; is the 
rated capacity at and is in °C Fig- 

ure 6 illustrates the difference between the building 
heat gam and the heat-pump cooling output*’ at vari- 
ous outside air temperatures. At the summer design 
outside air temperature of the site, the pump's 
cooling capacity (point A in Fig. 6 ) should he some- 
what larger than the building’s peak heat gain (point B 
in Fig. b) by a 10 - 20 ^ margin to allow for extreme 
weather conditions. By taking an arbitrary i 5^ 
capacity margin, the approprij 0 space area that could 
be handled !>y a given heat pump capacity is calcu- 
lated from Eqs. (7) and (9) as: 


where is the unit gas energy cost in S/Vi/XOF^j, 
and COP ^ are the gross coefficients of performance 
of the system in the heating mode, driven by either 
gas combustion or solar radiation, respectively, and 
is the effective daily solar radiation incident upon the 
concentrator piojected area A^. Eq. (11) assumes a 
standard month of 30.42 days and 730 continued 
working hours. Tlie gross coefficient of performance 
in the heating mode COPf^ is determined from Fig, 
where two types of energ}' souu\ are identified: the 
first being rolar r. Jiation and the second gas com- 
bustion. COPf^ is defined as the ratio of the cumula- 
tive heating effect to the space divided by the input 
primary energy source. From Fig. 7, COP^j^ and 
COPg are written as: 


= 


3057 a’jj (I - 0.018 35)1 


m 


b.c 




b,c ' <».(’ 


r ,) 


( 10 ) 


‘Most weather stations make the distinction of a heatin|Z-deprce-dav 
and a cooling-degree-day based on the difference between the daily 
average outside air temperature and 18.,t3'’(' (65‘'t ) as a ret ere nee 
temjx’rature 

^One ton of refrigeration equals I 2,000 Htu/hr or 3516 
^The cooling capacity and heaving capacity of a heat pump arc approxi- 
mately equal to each other at rated conditions The pump is usually 
designed to satisfy the peak building cooling needs, and if it is not able 
to satisfy the peak heating needs, a supplement heater is used Other- 
wise. the pump h i.lightly overdesigned to satisfy U>th needs c(.»m* 
pleteb 


Similarly, during months of the cooling period, 
the total yearly cost of gas energ>' becorres 


C 

< 




30.42 A S COP 


COP. 




(14) 


where COP^ ^ and COP^ are the gross coefficients of 
performance of the system in the cooling mode, 
driven by either gas combustion or solai radiation. 
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respectively, and ,S’. is the elYective daily solar radia- 
tion incident upon the C(>ncentiator projected area. 
Fig. 8, as in Fig. 7, illustrates quantitatively the 
energy Hows for the cooling period where the gross 


coetticients COP^ and CVP^ arc given by: 


COP, 

r. c 

II 

(\>) 

COP 

= r? F 7}^ P 

^g g,c c 

(16) 


By using .Appendix B, several expressions tor the 
inaxinmm COP^ and COP^ couL' he derived to 
obtain the optimum receiver-engine working tempera- 
ture. The energy calculations are made monthly and 
then summed to obtain the yearly profile. 

Tile yearly cost of gas heating, given by Hq. (11), 
could be further written as 

' '.El*.,. ''....t) 

whcie the monthly cost parameters ,, and are 
given by 




.. . I , 

h.ft ' gji 


(IS) 




„ = 30.4: (• .V, CO/’ , ; 

fi g h 


COP 




(U>) 


Tlu p.uameter at a particular month represents 
the gas heating energy Ci»st per unit building area if no 
solai e(|uipment exists, where heating is exclusively 
pnwided by the gas-fired heat pump. However, the 
paiameter represents the gis cost savings, per unit 
collectiu area, resulting from adding a solar collector. 
Tile cost starts with a value of if no solar 

collec.or is connected and diop.s m>nlmearly to /eo' 
cost at the maximum collector area where the 
cost remains zero thereafter. Tlie area /i 
given by dT.;,) lor the month of peak load repre- 
sents the maxmcim collector area required to satisfy 
the budding's peak heating load. Note that by sub- 
tracting the terms d^ ^nd for any month 

during the heating mode, negative values of('^^ (when 
< d,,,| must be counted as zero, which 
makes the curve with the area a nonlinear 
relatimiship. as shown in Fig. 

(10) Hie yearly cost of gas energy for cooling, given hy 
tq. (14). could also be rewritten similarly to Fq. (1 7) 
as 



where the monthly parameters d^ and d are given 
by: 


= .30.42 (22) 

By analogy', the parameter d^,i. represents the 
monthly gas energy cost per unit building area when 
cooling IS exclusively provided by the gas-fired heat 
pump, without solar equipment. Also, the parameter 
d^ represents the monthly cost savings, per unit 
collector area, resulting from adding a solar collector. 
Tlic yearly cost of gas-cooling is initially with 

no solar equipment and drops rumlinearly as the con- 
centrator area increases to a collector area where 
the cost remains zero theieafter. Tlie area ratio .4^ ^,/ 
Af, as calculated from (d^ , /d,,<) dn* peak cooling 
numth, represents the maximum collector area re- 
quired to satisfy the building’s peak cooling load. 
Anal 'gously to the heating mode, by subtracting the 
monthly values o*'d/,.< -1/, Irom some differences 
may result i»' negative values (when dj <. .4^ 
which should be counted as zero. This again gives a 
convex-shape curve for C\, vs .4 , as sketched in Fig. 

(II) To compare the economics of candidate heating/cool- 
ing systems, several life cycle c 'st methodologies are 
available m die literature. One such method is t(^ 
compute the accumulated implementation, mainte- 
nance, and operation costs over a certain number of 
years, N (e.g., 10 years. 15 years, or the life time of 
the major system components). Consideration could 
he taken of some or all of several economic factors 
such as general inflation rate, taxes, insurance, money 
intere‘'t rales, escalation of maintenance costs, escala- 
tuHi of energy costs, etc. \ second method in eco- 
nomic comparisons is to divide the V-ycar Kfe cycle 
cost into a “level i/ed" total cost, i.TC\ for each year 
ol system operation. By adopting this method, the 
total annual cost of the gas-fired heat pump systcni 
with an J without solar equipment is given by: 

LTC - c; : . xcrf C3) 

where and C'^. are the annual costs of energy' 
consumed for heating and cooling, respectively, is 
the annual maintenance cost, is the iniplcmenta- 
lion cost of the new oi add-on system including the 


161 



hardware and installation costs, and CRF is the cost 
recovery factor. The CRF, defined as tlie annual pay- 
ment of IS borrowed with i7( interest rate, and A' 
years payment period, is obtained from. 

CfiF = 1(1 +/)'’ 7|(1 +/)'’ - 1 | ( 24 ) 

To compare the economics of the solar-assisted gas- 
fired heat pump under study with another gas-fircd 
pump without solar eompment. the costs and 
are obtained from lup. ( P) and (20), respectively. As 
sketched in Fig. 0 , the yearly gas cost for heating, C;,, 
starts w'lth if no solar concentrator is 

present and decreases in a nonlinear relationship as 
the concentrator area . 1 ^ increases until a /.ero cost is 
reached when all healing loads arc provided by the 
solai energ}^. Similar luinlinear behavior is sh(»wn for 
the yearly gas cost for cooling. C\ , when the monthly 
load profile is actually computed. If the monthly 
building loads during a particular mode of operation, 
however, is averaged as sluiwn by profile 2. Fig. the 
lelationships between C,^ or C\ and . 1 ^ become linear 
but lead to a gfoss error in computing the opiimuin 
collector area, as analyzed latei on 

To acciumt for the costs of financing, pro|xnty taxes, 
insurance, maintenance, etc., one can simply multiply 
the system impleinentatum cost by an Annual ( ost 
Factoi, AC!’ (Ref IS), thus giving a slightly difterenl 
value to CRF as given by Fq. (24). Fuller an efteclive 
CRF or A('F will be used to combine the yearly costs 
of implementation and maintenance. 

) A general profile of the leveh/ed total cost, I.TC\ 
versus the concentratoi area . 1 ^ (or the ratio . 4 ^ .4^, )ts 
sketched in Fig. 10 for an add-on stilar equipment 
iipnoii. Tlie tiitai gas energy cost + (\, ), the 
solar-equipmeiu implementation and maintenance 
costs \ CRF], are sketched as shown in 

Fig. 10. Tlie energy cost decreases as the ctmeentrator 
area increases hut. o!i the other hand, the implenicnta- 
tu>n cvist inci eases. Hence, the !evch/ed total cost, 
/ !X\ reaches a minimum at the optimum ctincentra- 
toi vi/c .4* On the other hand,. 4 * could be given by 
diffeientiating Fq. (24) with respect to .4^ (assuming 
C^j A RF as constants), and equating to /cm 

= 7 ^ ((’.+(,,) ( 25 ) 

^ i/.4j ‘ '' 

where C\ (S m* ) is the ditlerciUial concentrator c*.rst 
per unit area. The optimum concentrator s;/e could 
be ohiamcd either graphically >r by the next an dyt- 


’cal method. If the costs C^ and C^ are fitted, each, 
approximately by a quadratic relation in Ay. 



Hence, the coefficients and should be 

knowm from key properties of (he annual energy 
cost profile, llie first coefficient, , for both heating 
and cooling modes, could be determined by using 
Fqs. (17) and ( 20 ) and Fig. 4 wiieii the concentrator 
area .4, is set equal to icuv. 


= E 

M 


(27) 


Tlie second aK'fficieni. a,, in both heating and cool- 
ing modes, represents the initial slope at .4^ = 0 ; there- 
fore, at very small .4^ close io zero, one may wr-^e 
fiom Fqs. ( 1 7) and ( 20 ) 


a 


2Jt 




( 28 ) 


Accviidingly, the coefficients a^ and will represent 
the gas cost coefficients if the space load is appro>:;i- 
mated as a constant, umtormiy distributed load over a 
p.iriK. \u mode o)f o^pcraiuin. Since the ac.^ci space 
U>ad varies o>n a daily or a numlhly basis and is not 
comstant o>vcr all the year, the thud coefficient, 
will represent the side effect ot actual load deviations 
fro>m those average conditioms. In fact, the coefficient 
< 2 ^ of Fq. (26) IS the sole driver behind the nonlinear 
relationslup previously described. Finally, in order to 
fit Fo|. (26) to the peak load condition where a large 
solar comcentratou area is huilt to entirely cover the 
loud needs, the co>efficieni a 3 is timnd from 



- a 


\,h 


2,h 


' 3 , h 




(2^^) 
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where A^ . and A^ are the concentrator areas that 

t.n f.C 

satisfy peak heating and peak cooling loaJs, respec* 
t’vely. Upon the determination of the fitted coeffi- 
cients tfj , Eqs. (27) • (29), coupling 

of Hqs. (25) and (2h) yields the optimum concentra- 
tor area as’ 


.1. 


M 


Vf 




(30) 


l:qs. (25) and (30) and Fig. 10 suggest that the solar 
concentrator desi^iier should build an ever increasing 
concentrator si/e until the “marginal cost” (or the 
slope ol cost curve) i»f added-on solar equipmeiO 
(which IS in turn the marginal cost of gas energN 
displaced by solar) equals the “nwrgnuil cost” of 
saving gas energ>', i.e., when the sK>pe id the tw ) 
energy saving and implementation curves becomes the 
same. 

FquaMon (30) is an irnpoitant e\press:on ceded to 
find the optimum ctdleclor area A* ’V)ule it includes 
the key parameters of the o stein, hq. (30) is only 
valid m the range (.*!,. up to the limiting 
(.1,//!^) for either heating c ,ooiing, whichever is 
smaller. Note that the form oi q (dO) could be tur- 
ther written in terms of tin spict coonng,' space heat- 
ing load ^atUK for different tv pcs id buildings or for 
different weather patterns. Howevei, this was not 
dime because of its complex foim. 

f 13) For the solar-assisted system to have economic feisi- 
bility, two conditums should be met in general. These 
are explained as folh^ws 


(a) Non-negative concentrator area condition (A^ 
> 0). Tl is constrains the concentrator area cost, C,, 
to be always below a maximum value. Since the 
denominator of Eq. (30) is always positive, then: 


tc'.V.. ■ 1311 

\ "» ”, / 

(b) Ceiling LTC condition: Die levelized total cost 
of the solar-assisted system must not be more than the 
ITC of the original system without solar equipment. 
This means that after the determination of the opti- 
mum ratio (AJAf^)* , the resulting minimum LTC 
must satisfy the tollowing condition: 





(32) 


Die above assumptions, ideal i/at urns, and economic 
teasibility conditions 'ire illustrated for a sample 
olfice-type building at u selected DSN facility. 


IV. System Application 

An office building at the Deep Space NtMwork Communica- 
tion complex, Gvddsio.ie, California has been selected for the 
numerical evaluation of the system design and optimi/ation. 
Die detailed itcmi/ation id the building lu»ds in both the 
summer and vvuiter seasons appears in Ref. 17, for an arbi- 
traiily selected lloor area. However, the unit area parameters 
and were assumed independently »d' the building area to 
enable computations id the matching space si/c using Eq. (10) 
for a given heat-pump capacity. Other information is catego- 
n/ed as follows: 


Weather 


Outside air design temperature,^ / ^ 


Montlis of season** 


summer 

37.VC (lOO'F) 

winter 

2.::‘'t(:s“F) 

summer 

5(/, > 18.33“n 

winter 

7(/’< 18.33'0 


Seasi>na( average outside ait temperature 

summer (7K 4(>‘ ;•) 

winiei ll"C(5l.84"F) 


table I tor monthls ouldoof temperature and v>lar radution 
proliie >. taken irom Rets < 19i anu 1 201 
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hflective daily st#lar input ^ 


summer 

7548 W»i/m^ day 

winter 

6(iU> Wh;m^ day 

Seasonal aveiage solar intensity, / 


summer 

943 W9n‘ 

winter 

H8()>V'm* 

Building Specifications 

( or.stan! load per unit area.^ 


in summer 

37.0 W/ni^ 

in winter 

31.7 W/m^ 

Rate of heat loss t(' or gam 


triun ambient^, 

4 783 W/m‘"C 


10.84 Blu/h It^ ’n 

Indoor design temperature*, 


in summer 

25 5«A (78 '1-) 

in winter 

(72"F) 

( hangeoNcr Temperature'^, /'* 


in summer 

r7.82"r(()4.rF) 

in winter 

15 .5>.' (-((>0 11) 

Matching Building Area,*^ 

.^04 nr (3275 It^l 

(oncentrator-Rcceivcr 

Mirror rollectivity , fj 

0 88 

Aperture intercept tactor,0 

0 97 

Receiver How factor, F 

0.94 

Receiver et tec live ahsoiptivily . a 

0 90 

Thermal loss tale, i’ 

0 17 W m^ 'C 

( ol lector etficiency 

0.722 

intercept,** 


(.'oliectoi etficieiKv slope.*' 

0.1(>0^^ 


lot 20'.’ n! the iiuident m'J*/ «*nerK> from I able I to be 
metlevtive tt»r tracking iluTinjt >utuM* 4 nd sun<ct hourN 
**liulude\ mechanieal equipment, e let ironies equipment. 4ivJ 

sotjr hejt e 4 in to \p 4 ce dire t> through tenestf 4 tion 4ie4S 4nd mdir* 
eu)\ thrtrugh op4que ss 4 Us. from Ret ( ) 7) 

Ituludes hv4t tr4nMnission to and from varv mg ambient temperatures, 
seniilation, intiltration and extiltration air ettects This is assumed the 
same lor b<dh summer and winter seavms (Ret 17) 

*1 . ll.mx ASMRAI .*(> 75 '.tatularUnRsi 13t 

Aorresjnmds to a zero building liwd trotn t q It*) 

*®r\ing tq (10) with a 10-ton heat-pump cooling capacit., aod a 
margin eapat.it> o\ 1^ ’ ttver peak building et>oling Kiad when bi>!h 
building and pump are at an ttutdt»i»r air design temperature, ot 
\7 7H C’ 1 100 I ) 

“l rom l^q I.M 


Fluid operating temperature.*^ /y, 

healing mode 500‘^C (032" F) 

cooling mod^ bOO^'C ( 1 412^ f) 


Ps>wcr Convcision Subsystem 


FtYicieiicy of power transmission to the 0.9 

heat pump compressor,* ' ri^ 

(ias combustor etUciency, 0.85 

Ratio of recoverable heal to heat rejected 0.80 

from power :ycle,*‘' 

Power cycle etficiency relative to 0.5 

( arnot’s, X 

I’ 

Heat source operating temperature 1' 

m winter 500°C’ 

ih summer SOO^'C’ 


Heat Pump 

Nominal cooling capacity (ARI 

10 tons of 

conditions) 

ret nge rat ion 

Average coetllcient ol performance in 
licating mode,*^ 

2.H5 

tiross coefficient ot performance in 
heating mode using *^ 


solar. COP, 

0 8(>4 
1.157 

Average coefficient ot pertormance in 
ccroling inode *^ P 

3.00 

dross cocltiaeiil ot pcrloimativ;c in 
soolmg mode"* by 


solar, COP^ , 

O.Sbl 

gas. COP,^' 

0.827 

Fnergy C o. 

ITni c*'xl ot gas energy,*"* 2 X 

10 * S'W 

Umi cost ol electrical energy 7 X 

10 ’ s/w 


12 

It 

14 

15 

16 
I"* 

IH 

IV 


Selected bas«^d t»n the pertormanev optimi/ation given in Api>en- 
di\ H 

iiuludes triititm in bearings, coupling, lubricating oil pump, and 
other parasitus 

Onl> required during the building heating m«»de 

See Appendix ( . and F.ibtc 2 Average /*/, ix taken from 1 <//> >| 

See Ap|vendix B, I ig 3. and table 2 Average is taken trom 

See Appendix (. and I able 2 Average /* is taken Irom 1 - 

See Appendix H. 1 1:: 2, and t able 2 COP^ , ‘>n the average, is en 

trom i. ) 

This .in \>unt* to SOMiTherm or 5b OU/Millioik Btu 
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Other Economic Data 


• System life. /V 

• Annual interest rate )n 
borrowed monev . / 

• Capital recover> I'actor.^® CRl' 

• Hardware and mstallalion 
:osts of 

• Heat puinp*‘ 

Master control panel, 
plant start-up, duct 
work, nioton/ed 
dampers, etc, 

• Power conversion 
module*^ 

• Solar collection 
subsy ^teln• ' 

• i‘os{ ol alternate systems*'* 

• A nominal 20 
electrical lesistance 
heater 

• A nominal 20 kW 
; OS ,000 Htu lu 
gas-tired healer 


1 5 years 
1CK-? 


O.LH47 


$1 1,000 
S S.OOO 


$ 3.000 10,000 

SI 5,000 

+ (l00 ‘ 25 0.1^ 
SI, 000 

S 2 3)00 


llu* calculation prtKcdure is >umman/ed *i.s tollows 

U) Be* cause the calculations are made on represen lalive 
days, one lor each numlli, tfie daily average outside air 
temperature, 7’^,, and the direct normal solar radiation 
(retjuired oiiK tor the 2 a\is tracking ^,ollecloi) are 
tabulated lor the site under investigclion as in Table I 
Summer and winter seasons are distinguished by the 
as rage salue ot ; , ,is compared to a given referenc, 
temperature, 

(2) bsimiates are made tor the constant sauces of heal 
gam to a space, per unit \]i>or area ). a 'd the rale of 


^'^I'akalatcJ tr^MM l-u (24) 

I or a l^kV^^ .omprcw»r, i(*-ts>n imil. 4|>pro\uiurel> 

kW^ Suhrratt $ 1 ,IH)0 t! the heat pump oiHvates onb as a t Killer 
^‘Smaller ti<ure repre'>ent% the proje^^ted mas^ prinlm^lion *.t*sl ($2UO 
kW^) the lar>:e figure represents vurrenl ci>st ol units under develop- 
ment 

*' lo irulude co>t> ot paratuvioij mirror, rtveser, >t*»raiic, stfiKlure a:id 
loundatum It »,onsisls id a ti\ed vo\t and a variable part ( , dei^nd- 
inj: on »he solar iidleiti^r area 4, in m* 

Ii» lie uwd in ii»n)uni!ion with table } 


heat loss (or gain) to the exterior environment, 
Detailed hackmp information appears in Refs. 13. 
and 19. Diftercnt value, of and could be esti- 
mated on a nuMithlv basis , however, two changes, one 
for each season, are found satisfactory. Once the build- 
ing’s inside design tempcr..tiTc, /,, is fixed, the heal 
gain to (or loss from) a space, (7^, is calculated using 
Eq. (7). The results are listed in Table 2 and sketched 
in Fig. 1 1 . A comparisidi of the outside air temperature 
and the changeover lempcraturc, as obtained from 
Eq.(H), determines the mode ot system operation . . . 
cooling or heating. 

(3) Tlic resuP of the coefficient of performance optimiza- 

tion ''?rsus the working tiuid temperature from Appen- 
dix B, indicate that the changes in tb' optimum 
receiver-engine working tempcraiuu, /y, has a minor 
effect (vn the optimum design point. Therefore, a work- 
ir>g value of nor necessarily the optimum value Tj, 
for each mode of operation should be diosen in 
advance, based cither on average a" season conditions 
or on given metallurgical specifications. Monthly com- 
putations of 7?^. /*, and COP^^ follow 

directly using Eqs. (C-7) and (C-12) of Appendix C and 
Eqs. (3),(4),(I2).(13).(!5), and (lb). 

(4) Tile monthly cost paraniet#*rs and for both heal- 
ing and civ4)|ing mouvi of i>;K.*ration, using Eqs. (IS), 
(|9). (21), and (22), are circulated next. The effect ive 
sun-tracking peruKl, ,V, (assumed here as SO'^ of the 
daily sunshine period) is introduced to yield practical 
values for S. Tlie price of llie gas energy unit, is 
assumed to be icprescntative for tne time of the study. 
Energy cost escalation above genera! intTition is 
assumed the saroc as the escalation of the money inter- 
est uie above general inflation. 

(5) Having determined the d coefficients, i^o approaches 

coulu be followed the first approach is graphically 
pioi, as in Fig. 12. the yearly costs of energy', Cy, 
versus the area ratio .4,, .4^. Together with the leveb/ed 
implementation and nuinienanc- costs, the leveli/ed 
ti'tal cost l/rc could be plotted as shown in Fig. 13. 
Ft>r insi.mce, two ii concerUrali>r costs were 

tried (C’j \>! 100 5 and l50S/m* in addition to » 
$1500 basic 4 osi). For each unit concentrator cost. 
ihe 4>piiimim size -4* .4^ differs and a graphical repre- 
sentation tor each is necessary, line second approach in 
determuiing the optimum area ratio is ru ngrapfucal and 
siigfilly less accurate than the first approach, but yields 
faster results. The second approach utilizes the qua- 
dratic curve fit of and previous*;^ '."-scribed in 
Section III ! 2. Pie resulting economic feasibility con- 
ditions are given by Eqs. (.^0) - (32). Numerically. 
Table 2 is constructed for the given sample bunding 






following the above steps. The key quantities which 
appear in Eq. (30) are found as 

.i = 304 m^ C/JF= 0.13147 

0 

0,., = 3.5291 $/m^ E = 2.031 IW 

w<, 

= 1?.236 $/m^ 23 ^s,h "" 

or a unit concentrator cost of 100 S/m^, (i4*/y4^) 
is 0J845, from Eq. (30), which if compared to 0.19 
using a graphical solution, givet a good test to Eq. (30). 
At C, of 150$/m2, Eq.(30) also gives (A*fA^) as 
0,132 vs 0,12 if a graphical solution is made. Tiiis 
deviation is not large considering a faster engineering 
assessment. A maximum C, for any economically feasi- 
ble solution where A* > 0 is also obtained from 
Eq. (31) as 276 $/m^, i.e„ the total concentraloi cost 
should not be more than (1500 + 276 A^) $. Using tne 
Oited coefficients (jj ^ '*‘^1 

^A^^) from Eqs, (27) - (29) as 5.5602, - 36.2467, and 
62.5892, respectively, the fitted (Q + C^) curve is 
plotted as the dotted line in Fig. 13, to show the 
difference between the graphical and analytical 
approaches. The fitted curve is only valid for AJA^j < 
0,245, which satisfies the peak heating load. 

V. Summary of Results 

The work described in this first assessment of solar-assisted 
gas-fired heat pumps has been initiated to benefit the DSN 
facility in regard to enhancing its performance. The work 
could be briefly summarized as follows: 

(1) A complete air-air heat-pump system powered by a 
dual heat source has been outlined. Major system com- 
ponents have been identified and a breakdown of 
energy and flow streams given. Analytical expressions 
have been pr ovided for the optimization of solar con- 
centrator size at a minimal total system cost. 

(2) For a selected office-tyj>e building located at the DSN 
Communication Complex at Goldstone, California, 
monthly load computations, modes of system opera- 
tion, and component performance efficiencies have 
been determined for a given heat-pump size. The results 
of this step have been used to compute the yearly 
energy cost with and without a sohr collection subsys- 
tem. 


(3) The larger the solar concentrator size, the more gas 
energy will be displaced by solar energy, thus reducing 
the vearly energy cost and, on ^he other hand, increas- 
ing tlie implementation cost. The levelized total cost 
combining implementation, maintenance, and opera- 
tion costs, will have a minimum value at the optimum 
collector area. This is shown graphically and analyti- 
cally. 

(4) Th 3 levelized total cost is sensitive to the concentrator 
cost per unit area, and if the latter ranges under a mass 
production program from 100 to 150 $/m^, the opti- 
mum concentrator area ratio A^IA^ will be on the 
order of 0.19 to 0.12. respectively. No solar connection 
is found to be economical if the concentrator cost 
exceeds 275 S/m^. For instance, at a concentrator cost 
of 100 S/m^, the optimum concentrator size {A*/Af^ 
0.19) provides 91% of the budding’s heating during the 
yei.r and 72% of the building s cooling load for the 
year. Favorable economics are evident if the concentra- 
tor cost decreases and the gas energy cost increases 
further. 

To supplement the engineering assessment of the proposed 
heat-pump dual heat-source concept, four alternate systems 
are compared in Table 3. Each is designed to provide the same 
heating and cooling needs for the selected building. Tlie alter- 
nate systems arc. (a) an all-electric system with an electrical 
resistance heater and a vapor compression chiller, (b)a com- 
bined gas-electricity system with a gas-fired heater and a vapor 
compression chiller, (c)an all-electric system using a heat 
pump for both heating and cooling, (d) an all-gas system using 
a gas-engine-driven heat pump. The proposed solar-assisted 
gas-engine driven heat pump is simply a superimposed feature 
on the alternate system (d). By a simplified lO year life-cycle 
cost analysis including an energy escalation rate only 10% 
higher than that of money interest, system (a) was the highest 
and systems (b), (c), and (d) were found to be of comparable 
cost. A cost refinement for all systems (b), (c), and (d) 
requires detailed cost information that is of secondary impor- 
tance as far as system-selection is concerned at this stage of the 
assessment. 

The solar-assisted system under study possesses several 
advaiilages over other direct solar-heating or cooling devices, 
such as: l)the elimination of large thermal energy storage, 
since gas combustion could run the system instantaneously 
during cloudy hours, or during nighttime, and 2) the close 
proximity of the power cycle and the conditioned space, 
which makes the utilization T rejected heat more feasible, and 
almost doubles the heat-pump performance. This results in a 
low total-energy cost. The field implementation, however, 
needs to satisfy other deveU pmental, environmental and eco- 
nomic constraints that are currently being investigated. 
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Definition of Symbols 


A Projected area, 

a cost coefficient, $/m^ 

C cost, $ 

CC cooling capacity of a heat pump, tons of refrigeration 

COP Gross coefficient of performance 

CR/ Cost recovery factor 

f:' Hfficiency of energy conversion subsystem 

F Flow factor i \ solar receivers 

I Solar intensity, W/m^ 

/ Interest rate on borrowed money, 

i.TC Leveli/ed total cost, $ 

M Time in months of a given mode of operation 
m Intercept of a straight line 

N System life in years 

n Slope of a straight line 

P Cix'fficient of performanw of heat pump subsystem 
Q Tliermal cncrg>^ per unit floor area, W/m^ 

R Solar concentrator-receiver efficiency 

S Fffectivc daily solar radiation input, Whi/m^ day 
t Temperature 

T Absolute Temperature, 

V Meat loss coefficient for sodar receiver, W/m^^C 

p Spectral rcfiectivity of concentrator surface 

<t> mirroH-recciver intercept factor 

r; efficiency 

a effective absorptivity of solar receiver 

cost parameter, S/m^ 

0 dimensionless parameter 

X fraction of a corresponding Carnot's cycle 

Superscripts 

peak or design conditions 
• changcover/optimum conditions 
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Subscripts 

b building 

c* cooling mode 

I ) condenser 

e beat engine or power conversion subsystem 
ev evaporator 

/ working fluid in solar receiver (or gas combustor) 
g gas combustor 

h heating mode 

H higli temperature heat reservoir 

/ inside the space 

im implementation 

m maintenance 

/. low temperature heal reservoir 

() outside environment to space 

solai -powered mode/solar :onccnirator 
/ energ>' transmission and storage sub^'^stem 

H waste heat recovery subsystem 
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Table 1. Monthly average amther paramatara for Gddatona, Caiifomia 




Direct solar radiation data^ 




Month 

Noon 

intensity, 

W/m2 

Daily input, 
Wh/m2, day 

Sunny 

hours, 

h/day 

Average intensity 
over the sunny,/, 
hours, W/m2 

Daily average 
outside air 
temperature, 7*^, ®C 

Season^ 

S = summer 
W = winter 

Jan 

960 

7473 

8 

934 

6.4 

W 

Feb 

987 

8697 

10 

870 

11.1 

W 

Mar 

980 

9399 

20 

940 

12.1 

W 

Apr 

933 

9732 

12 

811 

14.3 

w 

May 

901 

9880 

12 

823 

19.8 

s 

Jun 

883 

9799 

12 

817 

26.1 

s 

Jul 

876 

9564 

12 

979 

29.7 

s 

Aug 

890 

9180 

12 

765 

29.1 

s 

Sep 

928 

8751 

10 

875 

24.4 

s 

Oct 

949 

8246 

10 

825 

17.4 

w 

Nov 

943 

7301 

8 

913 

10,7 

w 

Dec 

940 

7042 

8 

880 

5.3 


Average for 

5 summer 
months 


9435 

10 

943 

25.8 

s 

Average for 

7 winter 
months 


8270 

8.4 

880 

11.0 

w 


^llscs ASHRAK model (Reis 19 and 20). 

^Classified as summer or winter depending on whether the average daily outside air temperature is higher than or less than 18.33®C. respectively. 


Table 2. Monthly results of the sample office building 


Month 

Season® 

"c 

W/m^ 

Mode"^ 

of 

operation 

P 

i o 

i 


COP^ 

S 

Wh/m^day 



May 

19.8 

S 

25.56 

9.45 

C 

3.813 

800 

1.059 

0.710 

7904 

0.1303 

3.2237 

Jun 

26.1 

S 

25 56 

39.58 

C 

3.117 

800 

0.858 

0.576 

7839 

0.6735 

3.2014 

Jul 

29.7 

s 

25.56 

56.80" 

c 

2.782 

800 

0.764 

0.536 

7651 

1.0854 

3 2654 

Aug 

29.1 

s 

25.56 

53.93 

c 

2.835 

800 

0.779 

0.514 

7344 

1.0108 

2.9478 

Sep 

24.4 

s 

25.56 

31.45 

c 

3.289 

800 

0.908 

0.620 

7001 

0.5057 

2.9081 

Oct 

17.4 

w 

22.22 

8 64 

c 

3.660 

800 

1 022 

0.685 

6597 

0.1234 

2.6898 

Nov 

10.7 

w 

22.22 

-23 40 

H 

2.878 

500 

1.161 

0.869 

5841 

0.2943 

2.6596 

Dec 

5.3 

w 

22-22 

^9.23^ 

H 

2.810 

500 

1.150 

0.855 

5634 

0.6250 

00 

Jan 

6.4 

w 

22.22 

-43.97 

H 

2.841 

500 

1.156 

0.867 

5978 

0.5553 

2.7275 

Feb 

lU 

w 

22.22 

-21.49 

H 

2.883 

500 

1.162 

0.864 

6958 

0.2700 

3.1473 

Mar 

12.1 

w 

22.22 

-16.70 

H 

2.896 

500 

1.165 

0.876 

7519 

0 2093 

3.4394 

Apr 

14.3 

w 

22.22 

- 6.18 

H 

2.925 

500 

1.169 

0 861 

7786 

0.0772 

3.4885 

"From Table 1 data, 

^Calculated monthly from Fq. (7). 

= cooling, h = heating, according to sign of (Jj,. 
^Using Fx)s. ( 1 3), ( 1 6). Table 1 , and Appendices B, C. 


^ Using Eqs. (12), (15), and Appendices B, C. 

^Taking 80% of available solar radiation values in Table 1. 
^Using Eqs. (18), (19), (21), and (22). 

^Reak loads needed for equipment design. 
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T Bbkt 3. Compariton of attomato HVAC ayatama without a aolar coupling 



System 1 

System 2 

System 3 

System 4 

II VAC’ ^>^^oms 

l.lectMcal resistancx' 
heating and 
dcctrical-powcrcd 
chillcts 

Cias-l'ncd heater 
and electrical- 
powered chillers 

Klectncal-powcred 
heat pump lor 
both heating 
and co*'*«ng 

Clas-l'ired 
turboH.'omprcssor 
heat pump 


Annual^ buiMmg load. hcatmg a 35.722 ► 

KWh'yr coohn^i a 44,351 ► 


Average elhciency or C'OP ol heating 
equipment 

o.o*’ 

0 85*' 

2.85*' 

1.157** 

Average C'OP of coid ing equipment 

00" 

•Voo" 

3 OO" 

0.827** 

Itemi/cd energy cost'^ per >ear. $ heating 

2,778 

840 

877 

617 

cooling 

I.O.U 

1,034 

1,034 

1.073 

Yearly enetg> com. S 

3.812 

1.874 

I.9U 

1.6^0 

Initial cost, \ lo ' 5 

19^ 

20>^ 

l^h 

22’ 

Approx lO-yr lile c>cle* cost V 10'^ $ 

1^ 75 

4^.8? 

49.4h 

48.'»3 

Using building loads tiom lable 2, 304 tloor area. 

^$IK lor healer. tor ducts, cvuilrols and SlOK lor a chiller 

^Assumed values 


^S2K. lor a boiler, S8K toi ducts, controls and $10K Tor a chiller 

^ \\eraged Irom Table 2 as i; 


^$UK for a heal pump. $8K tor ducts and controls. 

'V\veraged trom Table 2 t {{JplLOPg^ 


* Same as system 3. add $3K tor gas engine. 


** Based on 2^/WWh lo^ gas heating and ?tf/kWh lor clectricilv . 

* With UVV energ> escalation rale. 
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THEHMAL/OPTICAL 

LOSSES 


> CONCENTRATOR 
; RECEIVER 

3 STORAGE 

4 GAS COMBUSTOR 

5 AIR COMPRESSOR 

6 AIR TURMNE 

7 REFRIGERANT 
COMPRESSOR 

8 REGENERATOR 


9 REVERSE VALVE 

10 GAS LINE 

11 OUTDOOR COIL 

12 INDOOR COIL 

13 WASTE HEAT 
RECLAMATION COIL 

14 OUTDOOR AIR 

15 EXHAUST AIR 

16 COMBUSTION AIR 



Fig. 1 . Layout of a solar-asslatad gaa-nrad haatiHimp ayatam (not to acala) 


(o) HEATING MODE 


(b) COOLING MODE 



Fig. 2. Syatamanargybalaricaduringffiodaaoloparatlon 













Fig. 3. Piincipto of operation of ahMt pump 



•UILDING 

CHANGEOVtIt 

UMfHtATURE 


Fig. 4. Qonorai doily toad profUa for buHdfngs 
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HEAT 

DEFICIENCY 
TO (IE 
PROVIDED 
BY OTHER 
HEATING 
ELEMENTS - 


BUILDING LOAD 



Fig. 5. HMt*pump c«|MClty versus buikNng loaci 



Flg.6. FWtlon>hlp btt w — n h— ti>ump cip<cHy and buH<<lng >ii> 
■I me tfMiQn poini 



(a) BYSOlAftENEKGY 


(b) lY GAS COMIUSTION 



I UNIT OF 
GAS ENERGY 



FI9.7. OfOM co^fW ci fit of pffo cmi K* dMrtng h— ting mod> 


THERMAL LOSSES 

p-’.) 


MECHANICAL 

WORK 

^8^g»h 


MECHANICAL 

LOSSES 


17t 





OfTICAl/TWRMAL 
LOSSES A -S \ 


(«) lY SOLAIt ENtftGY (b) »Y GAS COMIUSTION 



FiQ. S. 0f>9M co#fflcl9fvl of pofloffTionoo AmIoq oooOnQ 


m 














EN€RGY AND IMPUMENTATlON COSTS, -n ANNUAL ENERGY COST, 


■i3r>K 



ig. 12. Results of gas energy costs at different concentrator sizes 
for the sample building 



CONCENTRATOR AREA RATIO A^>^ 


Fig. 1 3. Solar concentrator optimization for the sample building 
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Appendix A 

Heat Pump Configurations 


roiir different types of heat pumps are generally available, 
which are classified basically according to the type of medium 
in contact with the refrigerant in either the indoor oi outdoor 
elements. This medium acts as a heat source or a heat sink 
during i>peration. The heat pump classification is as follows: 

( 1 ) Air-to-air heat pump ( A-A) 

(2) Water-to-water heat pump (W-W) 

(3) Water-to-aii heat pump(W-A) 

(4) Air-to-water heat pump ( A-W) 

The first medium always represents the outdoor fluid in 
contact with the refrigerant in the outdoor heat exchanger. 
This first medium acts cither as a heat source (in a heating 
miHle) or as a heat sink (in a cooling mode). The second 
medium is the indoor fluid which comes m contact with the 
refrigerant in the indoor heat exchanger. Con.sequently. the 
second medium acts either as a heat sink (in a heating mode) 
or as a heat source (in a cooling mode) (Refs. 13 and 2 1 ). Each 
of tl»e above four heat-pump configurations is described 
briefly below . 

I. Alr-to-Air Heat Pump 

This is the most widely used heat pump, and is illustrated in 
Fig. A-1 for both cooling and heating modes of o{ieration with 
refrigerant reversing controls (Ref. 22). Forced air. from fans, 
flows over both the mdooi and outdoor refrigerant coils. A 
complete system requires an indoor air distribution network 
(ducts) to supply filtered warm or cool air as needed. Op 'rat- 
ing the A-A heat pump in a healing mode where the outdoor 
air temperature b very low (less than or45'^E) may cause 
frost formation on the outdoor coils. Ciul frosting impairs the 
pump effectiveness, since it blocks the air flow and presents 
several opciatitmal difficulties. One solution to this problem is 
to reverse the mode -.select or valve to the cooling mode fre- 
quently and for a few minutes until t) hot outdmir coil 
(operating then as a heat rejection clement) melts the frost. 
Other solutions such as the use of electric-resistance heater.s or 
taking advantage of other waste-heat sources could be used. 

In multi-zone air conditioning where different zones make 
different heating or ceding demands simultaneously, the use 
of A-A heat pumps with an air changeover system is sometimes 
preferred instead of having a refrigerant changeover selector. 
In this air -changeover system, the flow of air is controlled by a 

lao 


dual-duct network accompanied by a set of motorized 
dampers to direct the air across the condenser coils for heating 
or across the evaporator co\h for cooling before entering the 
air-conditioned space as shown in Fig. A-2. The refrigerant 
flow is not reversed, however, in this system. Depending on 
the relative magnitude of heating and cooling demands, the 
heat pump extracts low temperature heat from zones that 
require cold air and gives it at high temperature to those zones 
that require warm air. Althougli a good potential for energy 
conservation exists in this configuration because the heat 
pump partially acts as a heat reclamation device, the air 
changeover system has not been widely recogniz.c(i. 

A-A heat pumps are generally designed in integral packaged 
form with small tonnage (up io 30 tons of refrigeration 
(105 kW)) fo; residential or commercial applications (Ref. 13). 
Since water is not used, the maintenance and operation prob- 
lems of piping, plumbing, fluid leakage, or corrosion do not 
exist, v^hich generally results in low maintenance costs, 

II. Water-to-Water Heat Pump 

As illustrated in Fig. A-3, a water-to-water heat pump uses 
water from a well, lake, river, or any large body of water as 
either a heat source or a heat sink. Water is also used to 
exchange heat to and from the refrigerant in the indoor coil. 
W^W heat pumps have been less popular commercially than 
A-A types due to: 

( 1 ) A shortage of clean water supply in some populated 
areas; generally, water from wells is returned to the 
ground in order not to deplete underground water 
supplies. 

(2) Low water quality of city water, which in general con- 
tains soluble minerals. Deposits on piping and heat 
exchangers cause scaling and fouling; soft water, on 
tf.e other hand, without some mineral content, can be 
corrosive. 

(3) Plumbing costs could increase the first cost of the 
system. 

In spite of the above operation and maintenance problems 
of W-W heat pumps, tfiey offer several advantages over then 
competitors: They provide a higher coefficient of perfonrance 
and less heat exchange surface area since water is a good heat 
transfer medium and, because of the constant temperature of 
well water, different from ambient air, they provide higher 


performance during periods of peak heating (water tempera- 
ture is higlier than air temperature) or peak cooling (water 
temperature is lower than air temperature). These advantages 
result in W-W heat pumps being lower in operating cost than 
the comparable A-A type. 

W-W heat pumps could also operate with either the refriger- 
ant reversing valve as shown in Fig. A-2 or water reversing 
vahes. In a water changeover system, the direction of water 
leaving the condenser and chiPer (evaporator) is controlled by 
valves to provide heating or cooling to multiple zones as 
required. In general, tiie refrigerant control is preferred to 
avoid contamination of indoor coils with the external water 
supplies (from a river, lake, ocean, etc.), which may be 
chemically untreated. 

III. Water-to-Air Heat Pumps (W-A) 

This heat pump also uses well or lake water as a heat 
sink/source similar to W-W heal pumps, but the heal is deliv- 
ered to the indoor coil through direct expansion of the refrig- 


erant as shown in Fig. A-4. The W-A heat-pump system has the 
same basic problems as the W-W type in regard to water 
availability, quality, and its disposal. However, it operates with 
higlter performance than an A-A system if enough water (at 
temperatures higlier than 10"C (50°F)) is available (Refs. 23 
and 24). A W-A system could operate with air-reverse controls 
to supply cold/ warm air as needed or else use refrigerant reverse 
controls as shown in Fig. A4. The advantages of low initial 
cost and low maintenance cost of A-A systems arc still applied, 
since it is a hybrid system of the above A-A and W-W systems. 

IV. Air-to-Water Heat Pumps (A-W) 

This heat pump is the same as W-A type above, except it 
uses outdoor air as the heat source/sink and exchanges heat 
with the indoor coil through the use of clean water as a 
secondary medium, r.? shown in Fig. A-S. A-W systems have 
the same advantages and limitations as W-A units. Since warm/ 
cold water piping replace the interior air duct work, corrosion 
problems, thougli not entirely eliminated, are less frequent 
than in W-W or W-A systems. 
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Appendix B 

Optimum Receiver-Engine Working Temperature 


The operating temperature of the fluid circulating inside 
the solar receiver-storage subsystem is an important parameter 
in determining the coefficient of performance of the heat- 
pump system at any mode. In the cooling mode, and for a 
given solar-energy input, a high receiver temperature gives a 
higli-power cycle efficiency, E, but results in a low collector 
efficiency, R, due to the increased receiver thermal losses. An 
optimum operating temperature is, therefore, required to 
maximize the product RE when operating in the cooling 
mode. 

For the building-heating mode, the recoverable portion of 
the engine's rejected heat is also utilized as an additional 
heating effect to boost the basic heat-pump heating effect. For 
a given solar-energy input, the higher the receiver temperature 
becomes the higher the power cycle efficiency the higher 
the heating effect by the heat pump, and the less the heat 
rejected from the engine. Again, an optimum receiver operat- 
ing temperature is required to maximize the sum of the two 
heating effects. For each mode of operation, the optimum 
operating temperature is analyzed below, to enable the compu- 
tations of P and COP expressions in the text. 

I. Building Cooling Mode 

According to Fig. 8(a), the coefficient of performance of 
the heat pump when operating during the sunny hours is given 
by: 

COP -^r]-PRE (B-1) 

* t c c s.c 



The maximum product RE, at the optimum fluid temperature 
is obtained by differentiation and by assuming m, n, 
and \ to be constants. The result is written as: 



A plot in Fig. B-1 of the quantities R, E, and/?^" versus 
also made for a selected numerical example. Figure B-1 illus- 
trates that the maximum value of the product RE lies on a 
plateau and not on a sharp peak. For instance, the assigned 
values of = 0.722, = 0.16 W/m^^C, = 0.5, = 25.8°C 

(299 K), and = 943 W/m^, yield an optimum temperature 
TJ of 893®C and an optimum RE proauct of 21,4%. Operating 
the receiver-engine at SOO'^C (1472^F) instead of 893'^C will 
yield an RE product of only 21.3%, which is an insignificant 
loss in performance compared to other cost and metallurgical 
gains obtained by lowering the operating temperature. 

II. Building Heating Mode 

When operating during the sunny hours, the gross coeffi- 
cient of the heat-pump waste-heat recovery system is obtained 
from Fig. 7(a) as 


Therefore, the procedure requires the maximization of only 
the product R^E^ ^ with respect to the receiver fluid tempera- 
ture Tf since the component efficients tj,, and P^ are inde- 
pendent of 7y. Note that the concentrator-receiver-efficiency 
/?, is taken from Eq. (3) as 

where / is an hourly average solar intensity. The power cycle 
efficiency E, on the other hand, is simplified as a fraction of 
the corresponding Carnot’s cycle when operating between the 
two temperature limits as a heat source, and as a heat 
sink. From Eq. (4), 


COP. = T? Ru^ R E {P J} ) (B-5) 

h h g sji ^ h ^ 

Upon the substitution of R and£ expressions from Eqs. (B-2) 
and (B-3), respectively, and assuming that the component 
efficiencies P^^ and are independent of an optimum 
operating fluid temperature could be obtained by differ- 
entiation. The result is expressed as 



where is a coupling parameter larger than or equal to 1, 
given by 
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Witiunit utilization of any portion of the engine rejected 
heat, the efficiency is zero and the optimum temperature 
expression is reduced to Eq (B-4). However, since 0 is > 1, tlie 
temperature will always be less than 7^^,, keeping other 
parameters the same. Similarly to the trend of COP^ 

changes very slowly with the temperature 7y. with an almost 
tlat plateau around the optimum point rather than a sharp 
peak. The above finding allows the designer to choose a 


lower operating temperature for material consideration with- 
out a great sacrifice of the system performance. Numerically. 
Fig, B-2 is plotted for the same con cent rat or -receiver design 
(m^ = 0.722. = 0. 16 W/m^^C) under the average conditions 

of the site’s winter season (/^ = 880 W/m^ ~ ) 

together with the assumed component efficiencies == 0.9, 
Vw ~ \ “ at 9 - 1.893. The optimum 

is found to be 525°C (977‘^F). resulting in a maximum 
COPf^ of 0.864. At the selected receiver-engine operating tem- 
perature of .^OO'^C. the gross COP^ becomes 0.863. which gives 
a negligible difference in performance. 
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Appendix C 

Temperature Levels and Coefficient of Performance of Heat Pumps 


Actual heal transfer in heat-pump components requires a 
temperature difference to transfer heat both from the heat 
source to the evaporating refrigerant and from the condensing 
refrigerant to the cooling fluid. Accordingly, the temperature 
span of the refrigeration cycle will increase over that cycle 
which is represented only by the heat-source and heat-sink 
temperatures. For each mode of operation, the temperature 
levels are here represented by empirical expressions in terms of 
source/sink temperatures instead of the graphical representa- 
tion given in Ref. 16. For a direct comparison with the 
corresponding Carnot's refrigeration cycle, the procedure is 
discussed as follows. 


I. Cooling Mode 

The evaporator side temperature difference as 

sketched in Fig. C-I, could be represented analytically by. 

Ar == 23-11 - 0.2/ = r ' / (C-1) 

hence 

/^^, = f . + 0.2 /^ 23.11 (C-2) 


or 


(0.536- 0.0058/^^) 


+ 0.2/^ + 250.0) 
(0.6 /^^ ‘ /. + 44.5iy 


(C-6) 


For instance, taking the inside and outside air temperatures 
of the office building during the cooling mode as /^, = 25.83''C 
(78.5"F), /,.= 25.55^C (78^F), then /,, = l.t\X (45,7°F), 
A/,,= 17.9"C (32.3^F), A/^ = I6.27"C (29.3"F), /^, = 
42. 1 V (I07.8®F), = 0.5, and tiie heal pump performance 

from Eq. C-6 is found to be 3.14. Although heat pumps 
with different capacity and design features, differ in their 
performance, the above relationships arc considered valuable 
not only for A-A heat pumps but for any other media in 
contact with the refrigerant coils. 


II. Heating Mode 

The new evaporator and conde'^ icr temperature levels in 
tlic heating mode will be as illusttated in Fig. C-2. The evapo- 
rator-side temperature difference A/^^. , could be approxi- 
mated by ‘ 


Similarly, the condensing side tempeiaturc difference, 
could be represented by: 

A/ = 21.44 - 0.2/ = / ' / (C-3) 

n> o <'() o 

or 

/^^, = 21.44 + 0.8/^, (vM) 

An actual heat pump will be as efficient as roughly a 
fraction (between 40 to 60^r) of the Carnot-cyclc heat pump 
operating between and (Ref. 16). If the fraction is 
approximated by the relationship, then 

X^ = 0.536 - 0.0058 (C-5) 

The resulting coeftk»cnt of peitormancc P^, will be given 
by: 


M - I - I - 9.29 + 0,21 t (C-7) 

rv o rv o ' 

hence, 

I =-9,29 + 0.21/ (C-8) 

rv Cl ' 

Also at the condenser side, the temperature difference 
A/ is obtained from: 

A/ * t - I = 20.24 + 0.67 f (C-9) 

CO CO I o 

or 

= 20.24 + 0.67 + f, (C-IO) 

An actual heat pump in the heating nuxle will be rougldy as 
cffictcnt as a fraction X^ of the Carnot cycle heat pump 
operating between and The fraction X^ is found cK>se 
to a constant value of 0.45 and the resulting coefficient of 
performance P^ becomes 




«i rv 


(293.4 + 0.67 f +r) 

p = 04S — — 

(29.53 + /^ - 0.12 r^) 


If, for instance, the space inside and outside temperatures 
(C-Il) and arc 22.22°C (72“F) and iTC (51.8°F), respectively, 
they result in a value, using Eq. C-12, of 2.88. Roth of the 
temperature differences and then become 11.6®C 
(20.9^F) and ?7.6l'’C (49.7^F), respectively. Equations C-6 
(C-12) and C-12 are used to determine monthly P. andP^ values for 
each mode of operation as described in the text. 
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Performance of the Real-Time Array Signal Combiner 
During the Voyager Mission 

C, D. Bartok 

Control Cenrer Op«tat»orn 


The technique of station arraying is used to improve the signal tomoise ratio by 
reinforcing the coherent spacecraft signal while cancelling out location-dependent inco’ 
herent noise. The signal combiner provides a delay compensation that keeps the signals 
correctly phased throughout the sfHicecraft past. The signals are combined to optimize 
the signal’ tomoise ratio of the sum. The combined signal is then priKessed in the normal 
manner by the rest of the telemetry chain. 

During the Voyager Mission each Deep Space Station used its 64’meter antenna 
ti>gether with a 34’meter antenna to form an array. Data were selected from the Saturn 
encounter period from November 2 to November IS, 19H0, to analyze the signal 
combiner performance. A statistical analysis of the residua! gain data from all of the 
arrayed Deep Space Stations indicates that the Real-Time Combiner is 4iperating within 
the designed accuracy range of 0 2 ±0J)5dB around the theoretical gain. A decrease in the 
residual gain value appears to correlate with an increase in antenna elevation, which may 
be directly related to the changing antenna gain with elevation. Overall, the combined 
signal ti> n(fise ratio is improved by an average of 0 62 ±0 I5d8 over the 64-meter 
signal-to-noise ratio alone. 


I. introduction 

A Spacecraft signal can be degraded in one of two ways. 
There can be loss of desired signal relative to noise, where a 
portion of the signal is diverted, scattered or reflected from its 
intended route, or there can be an increase of noise relative to 
the desired signal. Noise can originate as unwanted signal 
energy injected into the link, or as thermal noise generated 
within the link. There is a consistent level of degradation of 
the spacecraft signal from space loss, due to a decrease m the 
electric field as '' function of distance and due to noise 
injection from the 3*K temperature of space, which is inde- 
pendent of tlie location of the receiving station. Howe .r. 


there :irc sources of loss and noise which are highly location- 
dependent. Some of these are atmospheric loss due to water 
vapor and oxygen, scintillation fades due to atmospheric 
multipath phenomena, terrestrial noise, hne loss between 
antenru and receiver, and thernul noise generated within the 
receiver. Of all the sources described, the spaceciaft signal is 
particularly susceptible to degradation from the last two since 
the signal is at its lowest energy level at tliese stages. 

The fact tha; a spac*ecraft signal rec :ivtd simultaneously at 
several Deep Space Stations is affected by an independent 
noise contribution at each station is the significant factot tlut 
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makes the technique of station arraying possible. An improve- 
ment in signal-to-noise ratio (SNR) is achieved by combining 
the outputs from various receiving locations in an appropriate 
manner to reinforce the coherent spacecraft signal while can- 
celling out incoherent noise from the stations. This involves 
compensating for phase delays at each station c.aused by differ- 
ing spacecraft-to-station distances and by differing signal relay 
times to l common site. 

II. Functional Description of the 
Signal Combiner 

A simplified block diagram of the baseband signal combiner 
is illustrated in Fig. 1. The signal combiner provides a delay 
compensation that automatically tracks the changing signal 
delays to keep the signals correctly phased througltout the 
spacecraft pass. Tliis variable delay compensates for tlie change 
m signal arrival time at the different antennas as the Earth 
rotates during the mission viewing period. 

Once properly phased, the signals are combined in a 
weighted average depending upon their relative average SNRs. 
The weighting gain factors are chosen to optimb.e the SNR of 
the sum in a manner discussed in detail by R. A. Winkelstein 
(see Bibliography), The combined signal proceeds from the 
output of the Real-Time Combiner to the baseband input of 
the Subcarrier Demodulator Assembly i^JDA). From there on, 
the signal is processed in the normal manner by the rest of the 
lelemeiry chain. 


III. Operational Detail of the 
Signal Combiner 

The heart of the signal combiner is the pliase tracking 
channel. This is illustrated in Fig. 2. Its function is to provide a 
continuously variable amount of time delay to match the 
signals at the summing amplifier to the reference baseband 
signal. The values of the delays are deternined by a central 
processinr unit (CPU) controlled tracking loop. 

The combiner input signals pass tluough essentially identi- 
cal input amplifiers and are converted from analog to digital. 
For the reference channel tire sign bit is switched onto a bus to 
be used by the correlator sections of the other channels. The 
baseband signals from each station are sampled by a multi- 
plexed digital FIFO memory at approximately a iO-MHz rate. 

The FIFO memory system consists mainly of the multi- 
plexed FIFO and a fill counter. The memory holds digital 
samples which are input to the memory using the input st*-obe 
and output from the memory using the output strobe. The 
buffer output rate is determined by a fixed common clock 


line. The buffer input rate is governed by a separate variable 
clock, but the input strobes are independent of each other and 
are generated asynchronously with respect to the output 
clock. 

The resident time of a particular sample in memory is the 
delay time. The length of time a sample remains in the buffer 
is a function of the number of samples in memory, as indi- 
cated by the fill counter, and the phase difference between the 
input and output strobes. Therefore, the time delay can be 
continuously adjusted by controlling the input clock 
frequency. 

At the output of the FIFO, the delayed signals are cor- 
related with the reference signal. When the signals agree in 
phase, the correlation is at its maximum. For each channel, the 
correlation of tlie reference signal with the input signal 
advanced by 90 degrees of phase and the correlation of the 
reference signal with the input signal retarded by 90 degrees of 
phase are developed. The difference of these two correlation 
curves, designated quadrature correlation, crosses zero when 
the input signal is aligned with the reference signal (see Fig, 3). 
Therefore, quadrature correlation is suitable as a control func- 
tion fur the delay on each channel of tlie tracking loop. 

Each second the quadrature correlator produces a digital 
count, which is a function of the relative signal delay. The 
quadrature correlator count represents an integral of the input 
signal phase difference averaged over a time period of one 
second. The quadrature correlator should produce a count of 
zero when the input signals are exactly aligned. Wlien they are 
not aligned, the count is proportional to the phase timing error 
between the signals. 


The digital count is scaled by the CPU and converted to 
analog voltages by digital-to-analog converters. These voltages 
are applied to the input of the voltage-controlled oscillators 
(VCO's). The output frequency of the VCO produces a sliglit 
change in the FIFO input strobe rate, thus closing the control 
loop. As a result, the signal delay is changed in the direction to 
force the error count out of the quadrature correlator to zero. 


At the output of the FIFO buffer, with the signals aligned 
in phase, the signals are reconverted to analog by a digital-to- 
analog converter. They Mt then weighted ^y gains calculated 
to optimize the SNR of the combined signal and applied to the 
input of the summing amplifier. Once combined, the signal 
flows through the telemetry processing chain in a normal 
manner. 
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IV. Voyager Mission Performance 

During the Voyager Mission, each Deep Space Station used 
Its b4-mcter antenna logethei witit a 34‘mctcr antenna to form 
an array. The input signal from each 64-meter antenna became 
the reference baseband signal in the phase tracking channel of 
its respective combiner. 

To analyze array performance, data were selected from the 
Saturn encounter period from November 2 to November 13, 
1980. The design of the Real-Time Comb.ner specifies a signal 
degradation of no more than 0.2 tO.05 dB from the theoretical 
combined gain. The actual gain data contains this system- 
induced degradation plus external coherent noise injection 
which IS not cancelled out by the combining process, such as 
from space and atmospheric phenomena. 

The 64' and 34-meter uncombined SNR averages are 
recorded for comparison with the combined array SNR avei- 
ages. At optimal performance the combined SNR is maximi/ed 
to a theoretical value of 



IS the theoretical gain over the uncombined 64-meter s’uial- 
The actual gain is calculated from the data: 

A ^ S\R^ (SNRs in dB) 

C V 4 

and the residual difference is calculated. 

Residual = A * /[ . (gains in dB) 

!t is these residual values that demonstrate the performance 
capabilities of the Real-Time Combiner. 


The data from the Deep Space Stations are plotted as a 
function of antenna elevation in Figs. 4, 6 and 8. A decrease in 
the residual gain value appears to correlate with an increase in 
the aiileima elevation. This is particularly e\ident during 
advcise weather conditions which degrade the input signal 
markedly. Under these circumstances the improvemem to the 
residual gain is pronounced as the antenna dish tracks to 
liiglicr elevations. The change in residual gain as a function of 
elevation may be primarily affected by the change in antenna 
gain as a function of elevation. The antenna gain vs elevation 
curves are included for the 64-meter antennas as Figs. 5, 7 .and 
9 for comparison. 

Figure 10 illustrates the distribution of the residual gain 
data from all of the arrayed Deep Space Stations The statisti- 
cal mean of 0.22 dB falls within the theoretical accuracy range 
of 0.2 +0.05 dB predicted for the Real-Time Combiner. 

The residual gains are also averaged on a pass-by-pass basis. 
These data are plotted in Figs. 1 1 and 12. Figure 13 shows the 
distribution of the pass averages trom the arrayed Deep Space 
Stations. The statistical mean of 0.205 dB again falls within 
the theoretical accuracy range as predicted. 


V. Conclusion 

The Real-Time Combiner has performed well during tlic 
Voyager Mission, as the data samples taken during the Saturn 
encounter indicate. The actual improvement in llie signal- 
to-noise ratio of the combined signal is an average of 0.62 
+0.15 dB over tlie (>4-nieter signals alone. The Voyager Mission 
data have demonstrated that antenna arraying operates as de- 
signed, providing a clear improvement in telemetry 
ixrrformance. 

On November 7, 1980, the Australian complex, under 
lieavy cloud cover and failing snow, received the Saturn pic- 
tures depicted in Fig. 14. The clarity of the arrayed pictures 
compared to the unarrayed pictures is striking, particularly in 
the face of such advcise weather conditions. These pictures 
illustrate the performance extension achieved with array 
technology. 
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The Operational Performance of 
Hydrogen Masers in the Deep Space Network 
(The Performance of Laboratory Reference 
Frequency Standards in an Operational Environment) 

S. C. Ward 

Dmp Spac* Natwork Support Section 


Spacecraft navigation to the outer pianets (Jupiter and beyond) places very stringent 
demands upon the performance of frequency and time (FAT) reference standards. The 
Deep Space Netwi>rk (DSN) makes use of hydrogen masers as an aid in meeting the 
routine FdT operational requirements within the 64’m antenna network. Results as of 
October 1980 indicate the hydrogen masers are performing within the required 
specifications. However, two problem areas remain that affect operations performance: 
(1) there is insufficient control over the environment in which the reference standards 
reside and, (2) frequency drift makes it very difficult to maintain the 64-m-DSS- 
to-64‘m-DSS svnt (ner the I30~dav period required by the flight project. 


I. Introduction 

The 'laboratory standards'* arc three hydrogen masers 
(Smithsonian Astrophysical Observatory' (SAO) Model 
VLGiOB) and six cesium oscillators (Hewlett-Packard Model 
SOblA-OOd option). The "operational environment’* is an 
isolated temperature controlled room at each of three NASA/ 
JPl Deep Space Network (DSN) complexes. 

This Precision Time and Time Interval (PTTI) application is 
in support of refined spacecraft navigation to the outer planets 
(Jupitei andbeyond)and toprovide wideband (> 100 kilobits) 
telecommunications channels at S- and X-band. The Voyager 
project Navigatiort team guides the spacecraft to Jupiter, 
Saturn, Uranus, and perhaps Neptune. The Telemetry and 
Image Processing teams have brought us the beautiful full- 


color pictures of the planets and their satellites. Last, the 
Radio Science team uses spectral analysis to detect and 
measure the constituents of planetary atmospheres, orbital 
rings, and gravirnetric^s 

II. Requiromentj and Specifications 

Because the Voyager project requirements are currently the 
most stringent, they have been the dominant force in the 
design of the Frequency and Time System (FTS). The 
requirements are: (l)the rme-spcctral performanc'e of and 
Icng-term stability of the hydrogen maser, (2) the accuracy 
and reliability of the exsium oscillators, and (3) some means of 
synchroni 2 ing the intercontinental network of tracking 
stations. 
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The specifications relating to a typical ti^:quency and 
timing system using hydrogen masers and cesium oscillators 
are listed in the Precision Time and Time Interval (PTTI) 
literature and manufacturers specifications, and will not be 
dealt with further in this article. I will instead address the ver>' 
stringent requirements for syntoni/atUm and synchronization. 

A. Syntonisation Requirements 

(1) The frequency offset between any pair of 64-m Deep 

Spac'c Stations (DSS) shall be known to within less 
than ±3 X 10'* ^ such as DSS 63 (Madrid, Spain) '*s 
DSS 43 (Canberra, Australia) = < ±3 X 10“*^ ,or DSS 
63 vs DSS 14 (Goldstonc, California) - < ±3 X 10 , 

or DSS 63 vs DSS l4 = <i3X 10' 

(2) The frequency offset of (he DSN master (DSS 14) shall 
be maintained within t3 X 10'**^ of Universal Time, 
Coordinated (UTC), kept by the National Bureau of 
Standards (NBS). 

B. Synchronization Requirements 

( 1 ) The time offset between any pair ot 64 m DSSs shall be 
known within ±20 ^s. 

(2) The time offset of any 64-m DSS fiom UTC shall be 
known within ±20 /is and, further, it shall actually be 
maintained to within < ±f>0 ps over the 130 da> period 
August 4 through December 12. 19H0. 

III. Methodology 

Both the synchronization (sync) and syntoni/ation (synt) 
were established thrv>ugb use of a specially falihrated 50b I A- 
001-004 piutable unit * For purposes of maintaining the 
individual DSS syncluiwii/ation to UTC, the portable unit was 
earned to the host country frequency and time metrology 
agency Tb*' .ync/synt tiH>l used by tlie San Fernando 
Observatory (SFO) in Spain is the Mediterran"‘an chain 
FORAN«C. In Australia, the respiwsible agency is the Depart 
ment of NatuHial Mapping and the frequency and time (FAT) 
maintenane'e resource is ABC' television (see Fig. i). In 


allo^irty 24 hour« ti>r the porubk 506 1 A to »Ubili/c to ii« 
tcni|vrituir 4nd m 4 nn«tii’ envuonmvnt, the unit was ilcyjusscd 4 mX a 
mediurement was m»dc of the /eeman frequency vs frequency offset 
of the unit relerences to the DSN master Usinn « diKital frequency 
s>nthesi/er anU a dittcientul voltmeter, the /eeman frequency 
teadmas wers lepr^nlucible within 0 7 He The p^^rubk unit was then 
carneU to the remote DSS to be syntoni/eU. Here 9HiUn the unit was 
inven 24 hours to subilue, was deiuussed and the eeeman frequency 
was measured It the /eeman chinged by more than I 4 H/ it was 
reset Otherwise a correction factor ol H 3 10 **/Mi and I ^ 

10 wa* applied to the syntonuation 


America, at Goldstonc, California, regular 60-day traveling 
clock flights to NBS in Boulder. Color^. >, and da.Iy VLF 
transmissions from the NBS are used, in addition to L0R.\N<' 
and traveling do ;s from other agencies (Goddard Space 
Flight Center and the US Naval Observatory (USNO). The 
I^SS-to DSS nchronizalion and syntonization is being main 
lained thro. ji the use of Very Long Base Interferometry 
(VLBI). Some of the results are rep^jrted in Ref. 1. Figure 2 
illustrates how the DSS -to- DSS and the DSN -to UTC synchro- 
nization if maintained. 

Each 64-m DSS has been delegated tl * responsibility of 
maintaining its own internal synchronization. Figure 3 illus- 
trates the hardware configuration and data flow paths that 
achieve this. In addition, it is responsible for establishing and 
maintaining the synchronism of other DSSs within the 
complex (sec the detail in the upper and lower right segments 
of Fig. 2). 

IV. Test Results 

A, EnvironiMntai T«sts 

Table I lists the results of environmental tests perlormcd 
on five of the six 5061 A cesium oscillators presently deployed 
within *hc DSN. These tests were performed at the Rcfer'-nce 
Standards Test Facility in Pasadena. Note that serial No. 1718 
in its resp\)Mse to temperature variations differed from the 
others. When tins unit was sent to the Goldstonc Reference 
Standards Laboratory for zeeman calibr Mi. r,. it exhibited 
phase glitches, it w. returned to Pasadena for further 
environmental testing. 

Table 2 lists the resu* .yf envirivn mental tests performed 
i)n the three hydrogen masers presently deployed within the 
DSN. Figure 4 illustrates the behavior of hydrogen-maser SAG 
serial No. 6 in a changing pressure environntent. Note the 
improvement (8.2 dB) in its performance after being refiii- 
bished (Table 2, column 6). 

Figure 5 illuntraies the performance of SAG serial No. 7 in 
a changing magnetic environment. Having been given errone- 
ous information on how far the 26-m antenna was from the 
planned site for the frequency standards riKun, it was decided 
that no further nuf^ietic shielding would be required. SAG 
serial No. 6 failed in spring 1980 and was returned to the 
manufacturer for refurbtsliment Table 2. column 5 indicates a 
2.7-dB degradation to its performance in a changing magnetic 
environmeiit. 

Figure 6 illustrates the performance typical of a hydn>gen 
maser m a higli- temperature environment. The hydroeen maser 
IS JPL serial No. I and the environment was an u.. ventilated 
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room in the cellar of DSS 43. The high temperatures caused 
the unit to fail iu late summer (southern hemisphere). An air 
conditioner with 0.1 temperature control was installed in 
early September 1980. 


B. Stability Tests 

Figure 7 illustrates the short-term stability (spectral perfor- 
mance) of a typical 5061A“004 cesium oscillator and a typical 
hydrogen maser. These measurements were made in Spain at 
DSS 63 where the Complex Maintenance Facility (CMF) was 
cIosj enough to peimil use of a coaxial cable from the 
hydrogen maser. Cesium oscillator serial No. 1511 wus the 
portable unit and it was cairied to the CMF facility. 

Figures 8a and 8b (from Ref. 2) give the stability perfor- 
mance characieiisiics of the three hydrogen ma.sers presently 
deployed. Figure 9 illustrates the stability characteristics of a 
recent series (serial Nos. 1718 and 1719) of 5061A-004 t:esium 
oscillators. 

V. Synchronization and Syntonization Data 

A. Epoch Synchronization 

Prior *0 departure foi the trip to Spain, the portable dock 
designated RSI -2 was used to synchronize itself and the DSN 
master dock at DSS 14 to within 0.2 /is of the NBS and USNO 
epoch. It was then transported to DSS 63 at Robledo, Spain, 
then on to the SFO at San Fernando, Spain. One day prioi to 
leaving Spain, the clock was transported to DSS 62 at Cebreos 
and the Madrid STDN station. Thus the three stations in the 
Madrid complex were synchronized to SFO and the DSN 
master to less than one /js. 


Upon returning to America, the dock was immediately 
taken toGoldstone for closure against the DSN master. It then 
was taken to Australia where it was used to synchronize DSS 
43 a! Tidbinbilla, and then to the Department of National 
Mapping (DNM) installation in the Orroral Valley. On the day 
prior to leaving Australia, the portable dock was used to 
synchronize DSS 44 (Honeysuckle Creek) and Orroral (the 
STDN station) to the DNM, DSS 43, and the DSN. 

The RSL-2 was then reriirned to America where closure was 
refined against both NBS and USNO. All tht elements and 
agencies synchronized on these trips remain synchronized to 
within less than 1 /ns, and are being maintained within 10 
peak to peak. 


B. Syntonization^ 

Each time the calibration process was performed, 24 hours 
was allowed for tliermal stabilization and then 80 hours (ten 
8-hour samples) of cuinparative phase data were collected. 
This was perfomied with instrumentation configured as that in 
Figure 3, except that a fourth phase comparator was added to 
permit the intercomparison of the hydrogen maser, cesium 
oscillator Nos. J and 2, and the portable cesium oscillator 
(RSL-2). 

At DSS 63, after settling from the trauma cf the trip and 
after thermal stabilization, the zee man frequency of RSL-2 
had shifted but 1.7 Hz. A C-field adjustment removed 
approximately one-half of the zeeman offset and the calibra- 
tion process of die hydrogen maser began. At the end of the 
88-hour calibration period, the hydrogen maser frequency 
offset from the DSN master was found to be zero a 5 X 1U“ 
instrumentation noise. It was thus unnecessary to make any 
adjustment to the hydrogen maser. It was, however, necessary 
to adjust both cesium oscillator Nos, 1 and 2. Data collected 
via LORAN-C indicate the frequency offset of the hydrogen 
maser and cesium oscillator No. 2 remain at zero ±4.8 X 
10 * as of November 8, 1980. 

At DSS 43, the thermal stabilizatioh period was extended 
to allow for the lack of good circulation (the air-handler 
installation was still in process). Also, the hydrogen maser had 
been installed just a few weeks and was still drifting. At the 
end of an 80-hour calibration period, the offset of the maser 
from the DSN master was 4.73 X 10“*^. Since this was 
beyond the Voyager specification, and since the drift was in a 
positive direction, the hydrogen maser synthesizer was reset to 
reduce its frequency by 6.345 X 10'*^. Frequency offset data 
of this maser vs UTC (Australia) (AUS) collected using 
simultaneous TV with the DNM indicate its drift has cancelled 
the value reset on September 30. Close examination of recent 
data indicate the second-order drift term has dropped from 4.6 
X lO-^Vday to2.1 X 10'*^ to 0.7 X 10‘*^/day. 

All indications are that the frequency drift of SAG No. 5, 
the DSN master, has dropped well below its former value of 
1 X 10'*^ /day as obseivcd between the departure for Spain 
and the return for closure. At present, SAG No. 5 vs 
UTC (NBS) = -2.84 X 10“*^ ±0.3 as verified by two closures 
against UTC(NBS) within a 21 -day period. Figure 10 gives 
time offset data v'S UTC(DSN) and associated frequency offset 
data for each of three 64-m DSSs. Figure 1 1 gives time offset 
data vs UTC(NBS and USNO) and the associated frequency 
offset data vs UTC(NBS) of the DSN master reference. 


vents occurring subsequent to the end of the Voyager I encounter 
period have provided additional performance data 'see Appendix). 
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VI. Summary 

(1) Hydrogen masers require 4 to 6 weeks of thermal 
stabilization before their long-term stability can be 
fully utilized. 

(2) To use the full potential of present day hydrogen 
masers and cesium reference frequency standards^ care 


must be exercised to provide a thermally stabilized and 
magnetically isolated environment. 

(3) Syntonization to UTC can be accurately and economi- 
cally maintained within a part in 10*^ (after 1 week of 
daily observations) through use of the simultaneous 
reception of LORAN-C or TV transmissions by the 
DSS and the host country frequency and time metrol- 
ogy service agency. 
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Table 1 . Cesium oscillator environmental parameters test data 





Hewlett-Packard 5061 -A 004 



Parameter 

No, 1694 

No. 1695 

No. 1717 

No. 1718 

No 1719 

Temperature. --:/°C 

4.3 X 10' '■* 

6.25 X 10"'“* 

5.4 X 10"'^ 

1.2 X 10"'^ 
to 

-2 X lO'*^ 

5.6 X 10"'^ 

Haromeine pressure, -yT* /in. Hg 

1 X 10“'^ 

1 X lO"'-’ 

1 X 10 

1 X 10*^ 

1 X 10 

Magnetie field.** 
A/’V/' /l 0^ Wb/m^ 

1 X 10'’-’ 

1 X 10'*^ 

1 X 10 

I X 10" 

1 X 10"'^ 

gauss 10^ Wb/in^ 


Table 2 , Hydrogen-maser environmental paran^lers test data 


Parameter 

SA0 5 

SAC) 6 

SAG 7 

SAG 5 SAG 6 

< At ter refurbishment by mfr.) 

leit'.peralure.y:- / (' 

1.6 X 10’ 

1 X 10"* 

7.0 X 10 '■* 

-1 2 X 10 

7 2 X lo '"* 

liar t>nie Iris, pressure. /in Hg 

h 

2.6 X 10"*'* 

-3.4 X 10"' 

2 3 X lo '*' 

2 5 X 10"'^ 

-5 1 X 10"'^ 

Magnelis. 1 ield.‘‘ 
/■’//• ,10*^ V^b/m^ 

1 6 X lo '- 

5.0 X 10"'^ 

2.8 X 10 '* 

3.0 X 10'*^ 

3 4 X 10"'* 


^Aiiss lu*’ \Vb, m‘ 
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Fig. 3, Frequency and time monitoring at 64-meter DSS 



















DSS 14 vs UTC (NBSI via MICROWAVE AND PORTABLE CLOCKS 



Fl 9 . 4. Hydrog«fWTYas*r performance in e changing harometric 
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Fig. 5. Hydrogen-maaer performance in a changing magnetic environment 


OSS 63 vs UTC (USNO) via LORAN<. MEO. CHAIN 


A. STRUCTURAt STUL FOR 26-METER TO 34-METER ANTENNA 

MODIFICATION DILIVEREO AND STORED WITHIN SO METERS OF 
h-AAASER LOCAT!ON. 
ft. LARGE CRANES MOVED INTO AREA 
»l. CRANE RREAKS DOWN 

C. HYDROGEN MASER FREQUENCY OFFSET ADJUSTED LOWERED I.2nl0' * 
D QUADRIPOO CONSTRUCT*ON PHASE 

E. CAGE S7RUOURE INSTALLED 

F. SIRUCTURAL STEEL WOOl COMPLETED 

G. ANTENNA raised fO STOWED (ZENITH) POSITION, 

H. LEAD COUNTERWEiGHTS INSTAUED 

I. ANTENNA DAMAGES SELF DURING TESTS. REPAtRD 30 DAYS LATER 
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DSS 43 v$ UTC (USNO) via TV AND PORTABLE CLOCKS 



Fig. 6. MUMr p^rformanc# In a changing t«mp«artur* enviromnwit 
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LaiL 

(*m/m») 
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-7.70 
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... 
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0.00 
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0.0 

2.3 

0.0 
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— 

— 
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3.47 (-13) 
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0.00 
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OE XilDOU 
12/'I7UZ 

FM W WOOD/JW MYERS 
ro JJPL 5 WARD J LUVAUE J WVANKINS 
INFO COFFIN/R LATHAMA TAYLOR 

BEUTLER/0 C LAW 
iZEO/NET ANALYSIS 

DLD/R RUXLOW/^ MCPARTLAND/J MCCOy 

'.JBJFCT: UTGRSL^ - UTCINBS)EPOCH TIME SYNCHRONIZATION. 

TWO PORTABLE CLOCK TRIPS TO BOULDER, COlO. Ih OCTOBF R ALLOWED US TO 
REFINE THE ESTIMATE OF CUR TIME AND FREQUENCY OFFSETS TO NBS, USTXD, 
AND B.LH. 

1 . PUBLISHED Data, and derivations based ON PUBLISHED DATA- 
^NBS TIME & FREQUENCY BULLETIN 274, USNO SERIES 7 - 669 ) 

UTCaiSNOI ^BIH -0.694 X 10 -13 

UTCiUSNOI -IJTaNBSI - -0.9513 X 10 -13 

TA NBS - UTONBS) -0 0143 X 10 -13 

TA NBS -BIN *0.243 X 10 -13 ^-0.279 X 10 -13> 

2. RESULTS OF MEASURED DATA- 



DAY 281 

DAY 302 

AF'^F fji'DAY 

RSL2-UTCiRSL> - 

-0,244 mS 

*0/182*iS 


RSL2-UTONBS' - 

*0.103mS 

*0.349 uS 


UTC(RSU-UTC(NBSI ^ 

*0.347mS 

*0.166iiS 

-8.658 

UTCiRSLl-UTClUSNO^ ' 

*O.708*iS 

*0.799*.S 

-0.431 

CSl 14-UTC'NBS^ 

*0.487*iS 

*0.374mS 

-5.2546 

Cil U-UTCiUSNOl 

*0.928 mS 

*0.987;iS 

*2.7656 

CLOCK -A' 14-UTONBSl ■ 

*2.168mS 

‘1,641hS 

-24.574 

CLOCK ’i 14-UTraJSNOI ' 

*2.609mS 

*1,995>.S 

-16.326 

H2M14-UTC(NBS) 

NA 

NA 

-26.604 

H2MU-UTCjUSNO) 

NA 

NA 

-18.384 


NOTE; THE H2M<141 FREQUENCY OFFSET IS TAKEN FROM THE PHASE RECORDER 
COMPARISON TO CSl U, AND IS OVER THE SAME PERIOD AS THE CLOCK CLOSURES 
TO NBS. NOTE ALSO THAT CLOCK *A‘ U DRIVEN BY THE H?Mi 'S PROBABLY A 
MORE PRECISE ECHMATE Of THE H2M POSITION. 

REGARDS 


Fig.11. DSN mMl»rfr»qutncy and tint* rvpoft 




Appendix 


The following covers events relating to hydrogen maser 
performance history and the long-term stability performance 
of the two overseas units. The closure data resulting from the 
USNO traveling clock measurements (Refs. 3 and 4) provided 
the most accurate means of validating the frequency offset 
performance data. 

(1) On day 319 (November 14, 1980), the hydrogen maser 
(H,M), SAO-VLG-10 Serial No. 7, located at DSS 63 
failed. Tliis outage was caused by failure of the 
VACION pump assembly. 

(2) On day 346 (December II, 1980), a traveling clock, 
traceable to UTC (USNO), visit was made to DSS 63 
Data from this Renort of Precise Time Measurement 
(Ref. 3) has produced the following results: 

(a) The DSS 63 on-line referent'e frequency standard 

was 5.9 X 10“*^ (51 ns/day) faster than the UTC 
(USNO) rate over the 88-day penod (September 15 
through December 11, 1980). The uncertainty on 
this measurement was M X (±3.2 ns/day). 

(b) Using daily time offset measurtMiients referenced to 
Mediterranean Chain LORAN-C, DSS 63 personnel 
’vere able to maintain knowledge ol the reference 
frequency standard’s frequency offset to within 
±4.1 X 10”*^ of the UTC (USNO) rate. Noise on 
the LOR\N-C receptions over this 88-day data 
span introduces an error >90^?^. 

'':) The drift in the output frequency of the HjM SAO 
VLG-IO Serial No. 7 is less than 6.5 X 10"*^ per 
day. This measurement, however, is seriously 
limited by instrumentation errors of >7CK/f, and it 


includes the noise introduced by operator 
leciinique. 

(3) On day 006, 1981, a traveling clock, traceable to UTC 
(USNO), visit was made to DSS 43. Data from this 
Report of Precise Time Measurement (Ref. 4) has 
produced the following results. 

(a) The DSS 43 on-line reference f'-equenty standard 
was 8.1 X 10~*^ (7 ns/day) slower than the UTC 
(USNO) rate over the 100-day period (Septem- 
ber 30, 1980, through January 6, 1981). The 
uncertainty on this measurement was ±3 X lO"*'*. 

(b) Using daily time offset measurements referenced to 
UTC (Australia) througli the medium of public 
television broadcasts (Fig. 1. Method B), DSS 43 
personnel were able to maintain knowledge of the 
reference standard’s frequency offset to within 
±2.3 X 10' of the UTC (USNO) rate. Noise on 
the TV receptions over this 100-day data span 
introduced an error of <10%. 

(c) The drift in the output f.'cquency of H^M SAO 
VLG-10 Serial No. 6 is <5.7X 10'^^ per day. 
Again, the limitation on the accuracy of this 
measurement is instrumentatioc./technique errors 
(40%). 

Summary: The performance of both the overseas liydrogen 
masers was within all Voyager Project specifications for 
Encounter No. 1. However, validation of this at DSS 63 was 
not possible without the i^ccond traveling clock vi.sit, due to 
insufficient instrumentation precision. 
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March and April 1 981 


Electrical Load Management at the 
Goldstone DSN Complex 

J. C. Rayburn, 

Deep Space Network Support Section 


The Southern California Edison Company issued a new time'ofday rate schedule for 
the Goldstone Complex which substantially increased the cost of commercial power 
during the daily high usage periods. Subsequently, a Power Load Management Plan was 
developed which would utilize the unique power generating capabilities of the stations to 
reduce the stress on the Edison Company's reserve capacity and reduce the cost of 
electrical power at the stations. The plan, which has now been implemented, has greatly 
reduced the cost of Goldstone electrical power by completely eliminating the use of 
commercial power during the Edison Company ’s high usage periods each day. 


I Introduction 

In April 1979 the Southern California Edison (SCE) 
Company issued a new industrial rate schedule. Upon review 
of the new schedule it was apparent that the cost of purchased 
electrical power would sharply increase. SCE's time-of-day 
charging was designed to provide a substantial increase in the 
cost of power during high usage periods of the day. Figure 1 
contains a 24-hour load profile which illustrates the new 
summer weekday rate schedule. Energy usage rates were 
established for “on’\ “mid”, and “off” peak periods. The SCE 
rate structure :lso carried a severe penalty for every kilowatt 
of demand that occurred during the “On Peak” time period. 

SCE’s rate schedule referred to as No. TOU-8, General 
Service-Large, is outlined in Table 1. Key aspects of the new 
schedule include a $5,05 demand charge perkW for the maxi- 
mum average kW used over a 15*ninute period each month, 
and an energy charge (to be added to the demand charge) for 
the kWh used during each tinie-of-day period, i.e., the average 
kW load for each period multiplied by the hours of the period. 
The high “On Peak” charges are related to Uie amount of gen- 


erating capacity whJcli the power companies have in reserve. 
The fact that they are high is an indication that the utility has 
minimal reserve during the high usage “On Peak” periods. 

II. Discussion 

As anticipated, the cost of purchased electrical power 
jumped sharply when the new rate schedule became effective. 
The Deep Space Network Mission Support Operations Division 
in accordance with JPL Energy Conservation and Economic 
Policy initiated a three-phase effort. This effort was directed 
toward determining by load management whether or not we 
could alleviate, to some degree, the stress on the utility’s 
minimum “On Peak” reserve capacity. Also, would this reduce 
the cost of electrical power at the GoiuMone Tracking Station? 

A. Phase I 

1 nis phase involved establishing what steps could be taken 
to reduce the “On Peak” loads and what benefit would be 
expected. 
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Tlie Goldstone Complex has two electrical services which 
are metered separately: 

(1) A 2400-volt service to Deep Space Station 14 (Mars). 

(2) A 480-volt service to DSS 11, 12 and P (Goldstone). 

The one-line power diagram in Fig. 2 indicates the metering 
for the two services as they enter the Goldstone Facility. 
DSS 11, 12, and 14 have their own powerhouses with diesel 
generators and an arrangement of circuit breakers to enable 
them to be synchronized and paralleled with the utility. This 
means that before the start of the “On Peak“ power period the 
diesel generators could be started and paralleled with the 
utility and the station load transferred to the generators. The 
power equipment was capable of making this transfer without 
any interruption or disturbance to the electrical system. The 
DSS 14 station has a special dual bus arrangement that enables 
the high-power transmitter, an intermittent large load, to be 
connected to the diesel generators while tlie utility furnishes 
the balance of the station load. 

Quite obviously, load management techniques should be 
economically rewarding. The penalty for using power during 
the “On Peak” periods was veiy high. The question that 
remained was, would it be cost-effective to generate all “On 
Peak” power, i.e , would the cost to generate electrical power 
over the “On Peak” period exceed the cost for utility power if 
purchased over the same period? 

Parameters utilized in predicting the results that would be 
achieved if the stations were placed on generators during the 
“On Peak” period are listed in Table 2. 

The following is a summary of the expected costs of 
generated vs commercial power at DSS II, 12, and 14: 


Diesel generation cost - peak periods per month 


Fuel cost “On Peak” periods monthly $ 9,640.00 

Fuel cost “Mid Peak” periods 1 ,760.00 

Maintenance cost 840.00 

Total cost $12,240.00 


Commercial power costs - peak periods per month 


Peak demand cost $11 ,3 10.00 

“On Peak” 6,550.00 

“Mid Peak” 1,170.00 

Total cost $19,030.00 


Predicted GDSCC savings 


Commercial cost $19,030.(X) 

Diesel generator cost $ 12,240.(X) 

Monthly savings S 6,790.00 


It is noted that additional savings could be expected since 
the analysis did not take into account the savings to be 
achieved by generating power required for the high-powered 
transmitter at DSS 14 during the “On Peak” periods. 


B. Phase II 

To verify the cost of generating power the “On Peak” 
power was generated at DSS 14 for one month. Complete 
records were kept and the fuel consumption of 12 kWh/gal 
was verified during the March billing period. 78,417 kWh of 
“On Peak” and 18,606 kWh of “Mid Peak” power were 
supplied by the generators. The following is a summary of the 
results obtained: 


Projected Commercial “On Peak” 

demand charge $5,654.00 

Projected commercial “On Peak” 

energy charge 3,474.00 

Projected commercial “Mid Peak” 

energy charge 799.00 

Cost of commercial power $9,927.00 

Fuel cost for generated power $6,145.00 

Maintenance cost 279.00 

Total cost $ 6,424.(X) 

Monthly savings $3,503.00 


However, if the utility's minimum demand charge of $1,252.00 
is deducted, monthly savings for DSS 14 are $2,251.00. The 
minimum demand charge is 25% of the highest demand charge 
in ♦he preceding 1 2 months. This charge would disappear after 
12 months of “On Peak” power generation. 

The estimated savings did not take into account the 
increased usages of the diesel generators that would eventually 
cause more maintenance work. However, maintenance does 
not increase directly proportionally to the number of hours of 
operation. In fact, by utilizing the engines wc may be 
increasing their reliability. Certamly as far as the powerhouse 
operation and maintenance personnel are concerned, their 
level of competence would leap forward and would keep pace 
with the new demands. Synchronizing and paralleling with the 
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utility would no longer be done only by a select set of 
personnel. All the electricians would become competent in 
doing this previously complicated procedure. In other words» 
extra practice would increase competence and the technical 
demands and activity would also give them a psychological 
boost as an added bonus. 

C. PhaMlII 

Having established the fact that power generation during 
*‘On Peak” periods was cost-effective, a load management plan 
was devised which would: 

( 1 ) Run generators when tlie high-power transmitter at 
DSS 14 is required during the “On Peak” periods, 
utilizing advanced notice fiom the station to minimize 
labor involvement. 

(2) Run the generators at DSS 11,12 and 14 to completely 
cover the “On Peak” station loads starting 30 minutes 
ahead and finishing 30 minutes after this critical 
period. 

(3) Add at DSS 11, 12 and 14 automatic generator start 
and load takeover from the utility (stations on genera- 
tors! at the push button command of the station 
operator. This would minimize powerplant operator 
involvement and also provide rapid changeover to 
generators in the event of storm warnings. 


III. Implementation 

These load management procedures were implemented 
during In March, DSS 14 started “On Peak” generation 
and even earlier had utilized generators for the high-power 
transmitter In August. DSS 1 1 and DSS 12 implemented “On 
Peak” generation. Profiles of “On Peak” station loading with- 
out load management provided bases for establishing tlie annual 
saving The savings are accurate since tlicy were dcvcloj^d 
utili/mg month-to-month tabulations of previous uulity 
charges corrected to rctlcct the actual 1^>S0 iime-of-day 
peritxls. Table 3 lists the factors which determine tlie a«l of 
generating power at the stations and compares tlic cost with 
the utility demand and energy charges. Vhe savings ol SI 20, (XX) 
annum noted in Table 3 did not indude tlic minimum 
demand charge for cither tiie Mars feeder or tlie Goldstone 
feeder This imnimum demand charge would exist for one 
full year after tlic “On Peak” demand was reduced to zero. 
Therefore, the annual savings would be approximately $15,000 
less for the first 12 montiis of active load management. With 
the Goldstone feeder, \i is not possible to reduce tlic demand 
to zero due to the power system configuration at DSS 13. 
This slatiiMi's cixilrols are not designed to permit paralleling 
with the utility It therefore is not practical to use the diesel 


generators to supply the “On Peak” power since it would be 
necessary to interrupt the station power at the start and again 
at the finish of the “On Peak” demand period. 

Results of the Load Management Program in eliminating or 
reducing the “On Peak” demands are refiected in the Decem- 
ber 1980 electricity bill for the Goldstone feeder. This sliows 
an “On Peak” demand of 240 kW (previous liigh demand 
was 1459 kW.) The “On Peak” demand kW would have 
reached at least 1140 kW if we had not been on generators 
during tlie “On Peak” period. The load management has 
consequently reduced tliis by 900 kW. The December 1980 
electricity bill for the Mars feeder sliows a zero “On Peak” 
demand as compared to tlie previous higli demand, wluch was 
992 kW. 

Initially vanous objections were raised: 

(1) It would require too much manpower from the 
technical plant services group 

(2) It would increase the maintenance required on the 
engines and this would further tax the leduced man- 
power resources. 

(3) Heavy workloads or oversiglit might delay starting the 
diesels, and just 1 5 minutes late would allow the “On 
Peak” demand to register to its full amount, thus 
aborting a whole month's activity and undermining the 
year s savings (to eliminate the minimimi demand 
charge). 

These objections were quite real and were systematically 
resolved. An automatic system was introduced first at DSS 14 
and then at DSS 1 2 and DSS 1 1 . This allowed * he shift 
supervisor to press a button on the control constilc which 
started two engines and first paralleled them together and then 
paralleled them to the utility. Once paralleled, the utility was 
disconnected automatically and the diesel generaiois were 
supplying the station load. Thus, we could be assured that if 
the electricians were not available (say due to some plant 
emergency), then the station shift supervisors could put the 
generators on line automatically. 

Further, it was decided tliat sufficient automatic generator 
plant safety devices existed so that tlie gcneraior plant could 
operate satisfactorily and safely without personnel in attend- 
ance. 

Maintenance was a problem tliat could not be resolved 
before the fact. However, expencm.? from DSS 6 1/63 and 
DSS42/‘^3 liad not shown any significant increase with 
increasing hours of operation, at least not until the engines 
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reached the 50,000 to b0,000 hours running time; however, 
load management was only adding just over 2000 hours per 
year, and it would be 20 years before the 50,000-hour mark 
would be reached. 


IV. Summary 

Load Management techniques have been implemented at 
the Goldstone Complex to minimize the stress on SCH reserve 


capacity and lessen the cost of electrical power at the tucking 
stadons. An average of 120,000 k>Mi per month is no longer 
required from the utility during high usage periods. The cost 
of electrical power at the complex has been reduced by a 
minimum of $10,000,00 each month. Factors such as changes 
in the cost of fuel and the Utility’s fuel adjustment and energy 
charges affect the accuracy of projected future savings. JPL 
will cominue to monitor these critical parameters to insure 
that the results obtained througli judicial load management are 
consistent with the established objectives. 
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Table 1 . Southern California Edison Company schedule no. T0U4I 


Per meter 

Rates per month 

('usiomcr Charge $1,075.00 

Demand ('barge (to be added to Customer Charge) 

All kW ot “On-peak" billing demand per kW . S 5 05 

Plus all kW “Mid-Peak" billing demand, per kW . . . 0.65 

Plus all kW of “Oft Peak billing demand per kW . .No C'harge 

Knergy ('barge (to be added to Demand Charge) 

All “On-Peak" kWh. per kWh 4 J4^* 

Plus all “Mid-Peak" kWh. pc- kWh 4 19^* 

Plus all “Oft-Peak" kWli, jser . Wli * 


^Includes 3.Si^bnergv C'osi Auiustinent as ot } I cbruars 1980 
Minimum Charge 

'Hie monthly Demand Charge shall be not less than the charge for 25% 
ol the mavimum “On-Peak" demand established during the preceding 
1 1 months 

Dally lime periods will be based on Pacific Slandaid Time and are 
defined a ^)llows 

“On-Peak “ 12 00 noon to 6 00 pm summer weekdays except 
holidays 

5 00 pm. to 10 00 p.m winter weekdays except 
holiday .V 

“Mid Peak " 8 00 a m, to 12 00 noon and 6 00 p m. to 10 00 p m. 
summer weekdays except holidays 

8 00 am, to 5 00 pm. winter weekdays except 
holidays 

“Oft-Peak “ All other hours 


Tabla2. Elactricai powar coat factors 


Average load, kW 1 290 kW avg^ 

Peak demand 2240 kW^ 

Peak periods per month, hr 

Summer 6 hr X 21 6 days 129.6 hr 

Winter 5 hr X 216 days 108 hr 

Average/month 1 18 hr 

Wison charges^ 

On peak demand $5.05/kW 

F'nergy charges Adjustment cost per kWh used 3.81 ^/kWh 

On peak ener’ ■ charge ($3.81 + 0 53) = 4.34i^/kWh 

Mid-peak energy charge ($3.81 ^ 0.38) = 4.19^/kWh 

Off-peak energy charge (S3. 8 1 0.23) = 4.04^/kWh 

Diesel fuel cost 

Ci'st per gallon of fuel (Dec. 79) $0.76 

kW7i per gallon ot luel (average) 12 kWh 

(ost/kWh 6.33^/kWh 

Maintenance cost 

Material cost per diesel $0. 75/hr 

Number ot diesels on-lme 8 


**Values determined from August, September, and October SCH billings. 
^Latest rate as of l-ebruary 3. 1980. 
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Tabl«3. Coat of pow«r--Gokltton« Complex 


Mars feeder (DSS 14) 


Cost of generating 

, 1 .449.(H»0 kWh 

1449000 

$ 99,739 

Cost o! fuel 

. X 0.826 « 

Average hours run . , 

3350 


^\»st of maintenan'T . ... 

.(3350 X 0 75) 

2,513 

102.252 

lUility demand Jurge 


112.110 

I’lility energy charge . . 


68.103 

180.213 

Less cost of generating power 


102,252 

77,961 

Savings 

77,96! 


( loldslonc te 

eOcr (OSS It and 12) 


Cost of generating . 

. . 1.162.700 kWh 
1 162700 

80.033 

Cost u! fuel . . 

X 0.826 « 

Average hours run 

. 3350 


C ost o\ maintenance 

(3350x 0 75) - 

2.513 

82.546 

Ciiiity demand charge 


70,478 

L tility energy charge . 


54.647 

125,125 

Less cost of generating power 


82.546 

42.579 

Savings 

42,579 


Total savings 

120.540 







Fig. 1 . 24-hour load proflla SCE tlriMhof-day achadula 
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Planetary Radar 

R. D. Shaffer and P. R. Wolken 

Control Center Operations Section 

R. F. Jurgens 

Communications Systems Research Section 


77i/s article reports on the radar astronomy activities supported by the Deep Space 
Network during the first quarter of 1^81. The bodies observed include the asteroids 
Apollo and Toro, comet Bradfield, and the rings of Saturn. 


The 64-mcter Cfoldstone station utilizing S- and X-band 
higl)-power transmitters supported observations of the aster- 
oids Apollo and Toro, comet Bradfield* and Saturn’s rings 
during this period. Estimates of the amount of useable data 
acquired vs the total obtained reveal a preliminary success rate 
of approximately 

The outstanding success has been the observation of the 
asteroid Aptdio. Publication of these results is eagerly awaited. 
Continued observations of the asteroid Toro (see TDA 
Progress Refktrt JulV’August /V<SV>) were not so 


successful, due to a lack of updates in the ephemens used for 
predictions. Radar Astronomy also suffered equipment fail- 
ures, notably in the X-band transmitter. The other disappoint- 
ment to report is the spectra obtained of cornel Bradfield. 
These appear to be contaminated by other spectra, but the 
investigation is continuing m an attempt lo extract the comet 
data. Fair-to-marginal detection of Saturn’s rings at X band 
was also achieved during this period. A particularly significant 
result t>f preliminary analyses is that the scattering function 
does not conform to any known theories or hypotheses and at 
this time remains undecipherable. 
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